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I. INTRODUCTION 
The needs of growing populations and developing national 
economies demand intensification of land and water use for the 
purpose of increasing and stabilizing agricultural production. 
These needs are most acute in arid and semi-arid regions where 
water shortage is the most limiting environmental factor for 
crop productivity. Under such conditions, even a slight 
improvement of the water economy can have a great impact on 
dryland agriculture. 
The goal of the Dryland Agriculture Applied Research 
Project of Morocco is to increase food production and to 
improve the income of farmers with small and medium-sized land 
holdings. The purpose is to establish a sustainable applied 
research capacity relevant to the dryland farming systems and 
natural resource constraints of the 250 to 450 mm annual 
rainfall region of Morocco and capable of providing 
technologies to improve farmer productivity. 
Low and unstable yields under drought may be mitigated 
through water conservation measures or via irrigation. 
Efficient use of water in sustainable agricultural systems can 
be achieved through various measures including choice of crops 
and cultivars, displacement of the cropping season to a period 
of low evaporative demand, and the use of fallow. When 
evaluating the risk associated with alternative management 
strategies, choice of crops and cultivar appears the most feasible. 
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The full genetic potential of crop plants is rarely 
obtained because of limitations imposed by the natural 
environment. Lack of water and unfavorable temperatures are 
the most common natural stresses that limit yields of the cool 
season food legumes in Morocco. It is these constraints that 
define the boundaries to growing cool season food legumes, and 
hence, they represent the most widespread and important 
stresses that chickpea (Clcer arLetLnum L. ) , lentil (Lens cullnarls 
Medick. ) , fababean (Vicia fabae L. ) and pea (Pisum sativum L. ) 
encounter. 
There has been less attention given to breeding new 
stress-tolerant cultivars of food legumes than there has to 
cereals. These crops share the same environments, and the 
legumes are often an alternative or are complementary to the 
cereals. 
Among food legume crops, chickpea is one of the earliest 
grain legumes to be domesticated in the Old World. The 
Mediterranean origin of the crop imparts special significance 
to the agriculture of the Mediterranean basin, where chickpea 
has multiple functions in the traditional farming systems. 
Besides being an important source of human food and animal 
feed, it plays an important role in the maintenance of soil 
fertility, particularly in the dry, rainfed areas. Although 
in terms of production, chickpea is among the most important 
food legumes grown in the region, its productivity is among 
the lowest. The major constraints to production are the use 
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of inherently low yield potential landraces and local 
cultivars, lack of stability in production mainly due to 
susceptibility to environment stress, diseases and pests, and 
little research effort. 
Water constitutes a major constraint to increasing 
chickpea production in the semi-arid areas. To grow 
successfully, the crop must achieve a water economy such that 
the demand made upon it by the climate is balanced by the 
supply available to it. Chickpea is normally sown in spring, 
and the crop depends mainly on the conserved soil moisture 
from the winter rains, which is progressively depleted with 
growth of the crop. The crop faces drought in its late 
vegetative and reproductive growth stages because of 
increasing evaporative demand and decreasing soil moisture. 
The problem is that the evaporative demand of the atmosphere 
is practically continuous, whereas the supply of water by 
natural precipitation is sporadic. To survive during dry 
periods, the crop must rely on the limited reserves of 
extractable moisture temporarily present in the soil and on 
its own mechanisms to cope with drought. 
The improvement in drought tolerance of chickpea in 
conventional breeding programs has allowed improved yield 
under both favorable and stressful environments. However, the 
yield improvement attained under drought stress by breeding 
has resulted mostly from the genetic improvement of yield 
potential per se rather than improved drought tolerance per 
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se. The underlying physiological factors responsible for 
yield stability across variable environments are of great 
interest. The identification of such specific factors 
associated with drought tolerance and mechanisms of stress 
response may help increase the efficiency of selection for 
Improved performance under drought stress. Because yield 
performance under stress is affected by both yield potential 
and stability of yield, information on both, in relation to 
physiological responses to stress, is relevant. 
The specific objectives of this study are: 
(1) to determine differences in response of 
physiological traits among chickpea cultivars from 
different drought tolerance categories; 
(2) to study the effect of drought on these traits; 
(3) to determine the relationships of these traits to 
drought tolerance and yield performance. 
A. Explanation of the Dissertation Format 
Two papers are included in the dissertation. The first 
one, entitled "Physiological Responses of Chickpea Cultivars 
to Water Deficit", deals with differences among the cultivars 
in plant water relations and gas-exchange parameters under 
different water deficit treatments ; the second, entitled 
"Performance of Chickpea Cultivars under Variable Moisture 
Supply in a Semi-arid Region", deals with differences among 
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the cultlvars in term of growth, development, water use, water 
use efficiency, yield and yield components. 
The papers are preceded by a literature review and 
methodological approach and followed by a general summary that 
brings results of the two papers together; references cited 
outside the papers follow the general summary. All the tables 
in the Appendix refer to information in paper 1, while the 
figures refer to information in both the literature review and 
paper 1. 
» 
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II. LITERATURE REVIEW 
The development of water deficits leads to a wide range 
of changes in plant processes. Some of the salient features 
are summarized here with special emphasis on food legumes in 
general, and chickpea in particular. The objectives are to 
provide the necessary framework for subsequent discussion on 
drought tolerance and to expand the limited knowledge of 
stress physiology in these crops. 
A. Morphological Responses and Attributes of Drought 
Tolerance 
1. Early Vigor 
In Mediterranean type environments, up to 70% of the 
growing season precipitation can be lost by direct evaporation 
from the soil surface (Cooper et al., 1983). Early vigor and 
rapid canopy closure are traits that can increase the amount 
of water transpired from the crop. Genotypes with early vigor 
and good seedling establishment tend to enhance transpiration 
at the expense of direct soil evaporation (Buddenhagen and 
Richards, 1988). Singh and Saxena (1991) studied the effects 
of drought on the performance of 25 genotypes of chickpea in a 
Mediterranean type environment. They concluded that, among 15 
morphological, phenological and seed characters, early plant 
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vigor and early flowering are the two most Important traits 
associated with drought tolerance in chickpea, functioning as 
escape mechanisms from drought. Silim and Saxena (1991) and 
Saxena et al. (1990) showed that in chickpea early flowering 
cultivars with fast, early growth are better suited to the low 
to middle elevation environments of North Africa and West Asia 
because more favorable temperature and moisture regimes occur 
early in the growing season. 
In some situations, however, early vigor may result in 
rapid early water use, followed by severe water deficit at 
critical growth stages and consequent reductions in harvest 
index (Ludlow and Muchow, 1990). This would be the situation 
for crops growing on stored soil water, such as chickpea. 
Excessive early growth in these crops may instead exhaust the 
water in the soil profile before seed filling commences. 
Hence, in this latter situation, a more conservative pattern 
of leaf area development may be more appropriate (Buddenhagen 
and Richards, 1988; Ludlow and Muchow, 1990). Therefore, 
early vigor may have a positive or negative effect on yield 
stability depending on the pattern of water availability. 
2. Leaf Area Maintenance 
Reduced leaf area and accelerated leaf senescence are 
common responses to water deficits. The results of these 
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responses are lower potential and actual leaf area indices. 
Hebblethwaite (1982) has shown that leaf area duration in 
fababean is closely correlated with total dry matter and seed 
yield in dry years where maximum leaf area index (LAI) was 
limited to about three. Pandey et al. (1984a, 1984c) analyzed 
possible relationships between seed yield, plant growth and 
water stress in four grain legume species. Their study showed 
that these species differ in their ability to maintain leaf 
area expansion rate, leaf area index, leaf area duration, crop 
growth rate and shoot dry matter at high levels of water 
stress. These differences were associated with drought 
avoidance by root density adjustment and by maintenance of 
high leaf water potential and cooler canopy temperature 
(Pandey et al., 1984b). 
Delayed leaf senescence in cowpea {Vigna unguiculata (L. ) 
Walp.) genotypes has been reported as an adaptive mechanism to 
midseason drought by improving the capacity to survive and 
recover upon relief from water deficit (Gwathmey et al., 1992; 
Gwathmey and Hall, 1992). Although these responses tend to 
enhance survival by conserving water, they can be detrimental 
to productivity upon the relief of water deficits because of 
reductions in leaf area index (Ludlow and Muchow, 1990). 
Consequently, maintaining leaf area is seen as a trait 
contributing to yield, but at the same time as a potential 
9 
threat to survival. 
3. Phenologloal Plasticity 
The most rapid progress in selecting crops for drier 
environments can be achieved by matching the growth period 
with rainfall distribution. For most cool season food 
legumes, the major phenological events should be timed,in so 
far as possible, to avoid the most extreme period of water 
deficiency and temperature. This strategy to escape stress 
periods, primarily by adjusting phenology, represents the most 
successful way to increase yields providing that dry-matter 
production is not sacrificed (Buddenhagen and Richards, 1988). 
Sinclair et al. (1987) found that the high-yielding tendency 
of cowpea under water-limited conditions was more closely 
related to the ontogenetic flexibility of the species than to 
any other physiological trait or response. 
Early maturity, leading to escape from drought, has been 
found useful for chickpea adapted to dry conditions, since it 
permits the crop to maintain favorable plant water potentials 
during the critical phase of crop growth (Sivakumar and 
Virmani, 1979). Silim et al. (1988; 1989) found that under 
rainfed and dry conditions, early flowering and early 
maturity, associated with phenological plasticity, were the 
most important attributes leading to high seed yield among 
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diverse chickpea genotypes differing in phenology, seed size, 
height and yield potential. Therefore, it appears that 
phenology appropriate for the expected water supply is a 
valuable trait in food legumes grown under ralnfed conditions, 
particularly in a terminal stress situation. 
Saxena (1987) reported that, in a group of chickpea 
genotypes that had a wide range in days to flowering (30-77 
days), there was a significant negative correlation between 
days to flowering and yield under stressful conditions. He 
indicated that escape and yield potential accounted for 45% of 
variation in yield; the remainder was due to the inherent 
drought susceptibility or tolerance of the genotypes. He was 
able to show that, within groups of genotypes of the same 
flowering date, other factors besides earliness and yield 
potential were responsible, to a great extent (80-90%), for 
the adaptation of genotypes to stressful environments. 
Therefore, it was possible to identify genotypes within a 
seasonal duration group quite similar in potential yields but 
with contrasting differences in drought tolerance and yield in 
a drought environment. 
4. Rooting Depth and Density 
Since available water is the key limiting factor in 
drought-prone environments, most gains are likely to come from 
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maximum extraction of the limited amount of water in soil to 
make it available for transpiration (Hebblethwaite, 1982). 
This can be achieved through adaptation mechanisms associated 
with the root system. Genotypic differences exist for root 
dry weight and root length density, and these are reflected in 
the ability of the crop to extract stored soil moisture 
(Gregory, 1988; Saxena and Silim, 1990). Silim and Saxena 
(1993a) found large variation in the maximum depth of water 
extraction among genotypes selected for drought tolerance. 
Cultivars with deep root systems produced high seed yields 
under drought, which is consistent with previous reports that 
in conditions where crops depend on residual moisture, deep 
rooting is advantageous (Lawn, 1988; Ludlow and Muchow, 1988; 
Gregory, 1988). Association between deep rooting and drought 
tolerance in chickpea was confirmed by Silim and Saxena 
(1993b). There is, then, hope for exploiting this variability 
in selecting genotypes with greater rooting capacity. 
5. Other Morphological Traits 
Certain morphological characters related to drought 
adaptation in grain legumes have been reported to influence 
the radiation load on the leaf and may reduce transpiration 
more than photosynthesis, thereby increasing water-use 
efficiency. Some examples in legumes are dense pubescence on 
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leaves, stems and pods (Ghorashy et al., 1971), and active 
leaf tropic movements originating from the pulvinus 
(Wainwright, 1977, Shackel and Hall, 1979, Kao and Forseth, 
1992). Epicuticular wax on the leaf surface also plays a 
pivotal role in minimizing evaporative loss. Ashraf et al. 
(1992) found that deposition of wax on the leaf surface of 
lentil was higher in drought tolerant accessions than in 
sensitive ones. They attributed sensitivity to water deficit 
to low deposition of epicuticular wax, low leaf resistance and 
low relative water content. 
B. Physiological Responses and Attributes of Drought 
Tolerance 
1. Expansion Growth of Leaves and Stems 
Among all the plant processes, expansion growth of leaves 
and stems is one of the most sensitive to water stress (Hsiao, 
1973; Hsiao and Bradford, 1983). Upon development of water 
stress, restriction of cell expansion is the first symptom of 
stress. In many studies, any reduction in leaf water 
potential below the maximum value attained by well-watered 
plants slowed expansion growth (Boyer, 1968; Jordan, 1970; 
Hsiao and Jing, 1987). 
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Growth appears to be reduced more by water deficit than 
does photosynthesis. Source size (leaf area) is considerably 
more sensitive to water stress, and therefore, would be a more 
critical factor during the period of canopy development 
(Hsiao, 1990). If canopy size is restricted, there would be 
fewer branches or tillers on the plant, and the number of 
potential fruiting points would be reduced, leading to a 
smaller sink size (fruit load). Singh (1991) found that water 
deficits during all growth phases of chickpea decreased 
foliage growth, leading to corresponding reductions in 
radiation interception and total dry matter production by the 
crop canopy. 
In conclusion, reduced leaf growth is a common response 
to water deficits; it results in reduced leaf area and 
sunlight interception, and thus in lower yield. 
2. Water Relations 
Water stress decreases leaf water potential. The amount 
of decrease depends upon the drought resistance of the plant. 
Under drought, drought resistant plants maintain higher 
potentials than do drought sensitive plants (Kirkham, 1988; 
1989; Lorens et al., 1987; McCree and Richardson, 1987; Morgan 
et al., 1991). In grain legumes, leaf water potential is a 
good indicator of plant water stress; it correlates well with 
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different plant functions and productivity (Singh et al., 
1987; Wlen et al., 1979; Turk and Hall, 1980a; Phogat et al., 
1984). 
Pandey et al. (1984b) reported that legume species differ 
In leaf water potential and canopy temperature and these 
parameters are useful In Interpreting the legumes drought 
tolerance and yielding ability. In their experiment, 
groundnut (Arachis hypogaea L. ) generally exhibited more 
avoidance of drought stress than cowpea, mungbean {VLgna radiata 
(L.) Wilkz.), and soybean (Glycine max (L.) Merr. ). This was 
primarily due to maintenance of higher leaf water potentials 
and cooler canopy temperatures, which maintained physiological 
functions favorable for higher seed yield and dry matter 
production. 
Morgan (1992) studied adaptation to water deficit, in 
terms of maintenance of leaf turgor pressure, in three food 
legumes. The species differed in methods of maintaining 
turgor pressure. Regulation of leaf water potential was 
predominant in cowpea and black gram (Vigna mungo L. ). In 
soybean, solute accumulation played a more important role in 
maintaining leaf water potential. Regulation of water 
potential seemed to be effected by reduction in leaf area 
primarily, and presumably, low resistances to water flow 
through diminished stomatal conductance. 
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Morgan et al. (1991) reported genotypic differences In 
water potential between two distinct groups of chickpea lines, 
one with high and one with low osmoregulation. Water 
potential declined from approximately -0.8 MPa at the start to 
-1.6 MPa and -2.0 MPa at the end of the drying period for high 
and low groups, respectively. Osmotic potentials were 
consistently lower than water potentials In the high group, 
whereas In the low group they were equal to or greater than 
water potential. 
However, Sloane et al. (1990), In comparing the relative 
drought tolerance of a soybean plant Introduction with that of 
a popular cultlvar of similar maturity, found that water 
stress reduced water potential equally for both genotypes, but 
the new plant Introduction maintained lower osmotic potential, 
resulting In higher pressure potential and relative water 
content than the popular cultlvar. They suggested that 
osmotic adjustment may have occurred In the plant Introduction 
and thus contributed to the maintenance of higher turgor, 
photosynthesis, and transpiration. Ashraf et al. (1992) 
reported that high drought tolerant accessions of lentil had 
relatively lower leaf osmotic potentials than drought-
resistant accessions. 
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3. Osmotic Adjustment 
Osmotic adjustment results from the accumulation of 
solutes within cells, which lowers the osmotic potential and 
helps maintain turgor of both shoots and roots as plants 
experience water stress. This allows turgor-driven processes, 
such as stomatal opening and expansion growth, to continue, 
though at reduced rates, at lower water potentials (Turner and 
Jones, 1980; Turner, 1986a and 1986b; Blum et al., 1983; 
Morgan, 1984). 
Osmotic adjustment is a highly desirable characteristic 
in stressful environments. Such a trait has good prospects of 
increasing potential yield and stabilizing yields during 
drought. However, plants that keep their stomata open at low 
water potentials must exhaust any available soil water more 
quickly than plants that do not (McCree and Richardson, 1987). 
This would tend, in the longer term, to nullify any short term 
advantage that might be conferred by osmotic adjustment. 
Therefore, some stomatal control of the water loss, in 
addition to osmotic adjustment, is required. This would 
result in more carbon fixed if it is not accompanied by rapid 
decline in leaf water status. 
Not only do different species of food legumes vary in 
osmotic adjustment in response to water deficit, but also 
different cultivars of the same species vary. Genetic 
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variability in osmotic adjustment has been found in pigeonpea 
(Cajanus cajan (L. ) Millsp) (Flower and Ludlow, 1987), in pea 
(Rodriguez et al., 1992), in lentil (Ashraf et al., 1992), in 
soybean (Sloane et al., 1990), in lupin (Lupinus albus) (Turner 
et al., 1987) and in chickpea (Morgan et al., 1991). 
Osmotic adjustment positively affects growth and yield of 
food legumes under drought stress. Rodriguez et al. (1992) 
examined the osmotic adjustment capability of various pea 
cultivars and breeding lines under drought and found a linear 
relationship between yield and capacity of this mechanism. 
Morgan et al. (1991) also found differences in osmotic 
adjustment in the leaves of closely related breeding lines and 
cultivars of chickpea. Their results show a positive 
relationship between osmotic adjustment of the expanded leaf 
and grain yield in water-limited field experiments. 
Solutes contributing to genotypic differences in osmotic 
adjustment in stressed chickpea plants were investigated using 
cold sensitive and cold tolerant cultivars (Larher et al., 
1991). Under mild stress, both varieties accumulated large 
quantities of pinitol and sucrose in their shoots, to levels 
sufficient for osmotic adjustment. However, pinitol content 
was higher in the cold tolerant cultivar compared with the 
susceptible one. Pinitol thus appears to be the typical 
compatible solute accumulated in chickpea under stress. 
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Proline accumulation under high stress was greater in the 
sensitive cultivar than in the less sensitive one. High 
proline accumulation thus appears to be indicative of a larger 
metabolic disturbance rather than of increased tolerance. 
4. stomata 
Reduced stomatal conductance has been suggested as a 
desirable trait to improve the yield of crops in water-limited 
environments (Jones, 1980; Turner, 1986a). Such a 
characteristic reduces water loss and lowers the probability 
of desiccation (Ludlow et al., 1983). However, because 
stomata influence the influx of CO2 into leaves as well as the 
loss of water vapor, reductions in stomatal conductance to 
conserve water inevitably mean lowered photosynthetic rates. 
Consequently, the usefulness of reduced stomatal conductance 
depends upon this trade-off between loss of production and the 
need to prevent dehydration. 
Among legume crops, cowpea, which has stomata that are 
quite sensitive to water deficits, avoids desiccation better 
than mungbean, which in turn avoids desiccation better than 
soybean and pigeonpea (Lawn, 1982a). Hall and Schulze (1980) 
found that non-irrigated cowpeas avoided drought by 
maintaining low transpiration rates due to reduced leaf area 
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and reduced transpiration per unit leaf area compared with 
irrigated plants. Stomatal closure appears to be the main 
mechanism by which cowpea maintains higher water potential 
(McCree and Richardson, 1987; Subramanian and Maheswari, 
1992). Hall et al. (1992) also observed a significant 
drought-induced increase in the ratio of CO2 assimilation rate 
to total diffusive conductance among a wide range of cowpea 
genotypes that was due to a substantial decrease in stomatal 
conductance to water vapor. 
Pigeonpea is an unusual grain legume, compared with 
others, because it has low epidermal conductance (Sinclair and 
Ludlow, 1986). This conductance determines water loss from 
leaves when stomata are closed. The low epidermal conductance 
of pigeonpea may be an adaptation that allows it to survive 
droughts longer than do other grain legumes. 
5. Photosynthesis 
The photosynthetic rate of the leaf is seldom as 
responsive to mild water stress as is leaf expansion (Boyer, 
1970a; 1970b). The reason is that photosynthesis is much less 
sensitive to turgor than is leaf expansion. The severity of 
the stress appears to be important in determining whether 
photosynthesis is affected by stomatal or non-stomatal 
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factors. During early stages of stress, stomatal closure in 
food legumes is often the cause of reduced photosynthesis; 
non-stomatal components do not play a significant role (Cornic 
et al.,1989; Quick et al., 1992). But during prolonged 
stress, non-stomatal factors also inhibit photosynthesis 
(Cornic et al., 1987; Lopez et al., 1988). 
Singh et al. (1987) showed that the yield of chickpea was 
reduced in proportion to the increase in cumulative water 
stress and decrease in canopy photosynthesis. Grain yield was 
linearly related to pod number, leaf water potential, and 
photosynthetic rate. Reduction in net photosynthetic rate of 
chickpea plants under water stress was due both to reduced 
leaf area and reduced photosynthesis per unit leaf area (Hooda 
et al., 1989a). 
Studies on the photosynthetic activity of nine cultivars 
of chickpea revealed considerable genotypic differences in net 
photosynthetic rates (Van der Maesen, 1972). This varied from 
9 to 25 nmol CO2 assimilated m"^ s^. Prasad et al. (1978) also 
observed large genotypic differences in the photosynthetic 
efficiency in chickpea. Variation in the leaf photosynthesis 
was 100 to 171%, and the authors emphasized the need to 
exploit this variation for increasing productivity. 
The extent to which photosynthetic capability is 
maintained during periods of water stress and the ability to 
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recover photosynthesis rapidly after rewatering may be 
important in crop adaptation to drought environments. 
Chickpea, pigeonpea, cowpea, field bean (Phaseolus vulgaris L.) 
and lupin respond to water stress by partially limiting the 
rate of water loss and maintaining a low COg exchange rate, 
and they respond to rewatering by rapidly recovering leaf 
diffusive conductance and CO2 uptake (Singh et al., 1987; 
Lopez et al., 1988; Subramanian and Maheswari, 1992; Cornic et 
al., 1987; 1989; Quick et al., 1992). 
6. Source-Sink Relationships 
Economic yield in grain legumes depends upon net 
photosynthesis and the partitioning of assimilates to 
reproductive sinks. The efficiency of remobilization of 
early-fixed vegetative carbon to support the seed requirement 
is reported to be low (Pate and Flinn, 1973; Withers and Ford, 
1979; Pate, 1985; Hooda et al., 1986; Hooda et al., 1989b). 
Hooda et al. (1989b) studied the distribution of ^^C-
assimilates during ontogeny of chickpea grown at two moisture 
levels. The contribution of pre-flowering assimilates to the 
reproductive structures, although very low compared with other 
crops, was higher under stress conditions. During active seed 
filling, significant amounts of ^^*0 were retained by the stem 
» 
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and leaves, but stressed plants diverted more to 
reproductive parts. It appears that there is scope for the 
remobilization of pre-flowering, as well as post-flowering, 
assimilates from vegetative parts to the seeds of chickpea for 
better seed development and yield under water stress 
conditions. 
Assimilate remobilization would tend to improve yield 
stability by acting as a buffer against the effects of water 
deficits on current assimilation (Ludlow and Muchow, 1990). 
The ability to continue translocating carbon where it is 
needed, even when stress is extremely severe, is a key factor 
in virtually all aspects of plant resistance to drought. 
C. Yield and Yield Components 
Passioura (1977) proposed that grain yield of crops in 
water-limited environments could be analyzed in terms of three 
components that are largely independent; 
[grain yield = water transpired x WUE x harvest index]. 
WUE as a part of this equation often has been discussed in 
relationship to plant breeding for drought resistance. Saxena 
and Silim (1990) and Silim and Saxena (1991) reported 
genotypic differences in WUE in chickpea under various 
moisture supply conditions. Similarly, Muchow (1985) reported 
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differences in WUE among cultivars of the same species and 
among several food legumes. However, the apparent differences 
in WUE can be related to differences in soil evaporation and 
in the chemical composition of the dry matter. Therefore, WUE 
as such represents an end result rather than an underlying 
mechanism of drought response. WUE has to be addressed in its 
physiological components. 
Blum (1988) reported that the physiological background of 
WUE is complex, as it involves all the facets of plant water 
use on the one hand and the plant's responses to water 
deficit, in terms of its effect on carbon gain, on the other. 
At the single-leaf level, the relationship between production 
and water use can be expressed as the transpiration efficiency 
(carbon fixation/transpiration). Farquhar and Richards (1984) 
developed an approach to estimating WUE at the leaf level by 
isotopic carbon discrimination. The degree of discrimination 
of the stable isotope of carbon, has been shown to be 
correlated with transpiration efficiency. Differences in 
transpiration efficiency have been demonstrated in a range of 
crop species. Genotypic differences measured at leaf level 
translate into differences in crop canopies in the field. 
Strong correlations between dry matter production and 
total water use in food legumes have been reported on many 
occasions (Ismail and Hall, 1992; Siddigue and Sedgley, 1986; 
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1987). Despite this strong association, substantial and 
highly significant drought and genotypic effects on WUE exist 
(Silim and Saxena, 1991). Increased WUE under drought and 
genotypic variation in WUE in cowpea have been reported (Hall 
et al., 1992; Ismail and Hall, 1992). The physiological basis 
for the drought-induced increases in WUE in cowpea appears to 
be that reductions in stomatal conductance and water use are 
more substantial than the drought-induced reductions in COg 
assimilation and biomass production (Kirchhoff et al., 1989; 
Hall et al., 1992; Ismail and Hall, 1992). However, the 
physiological basis for genotypic differences in WUE has not 
been established. Gas exchange measurements of different 
cowpea genotypes did not show any substantial differences. 
However, improving transpiration efficiency is only one 
mechanism for improving the water-use efficiency of crops. 
Matching water use to rainfall, restricting crop growth to 
seasons of low evaporative demand, increasing crop water use 
relative to water loss by soil evaporation, and increasing 
harvest index can all be utilized to improve the water-use 
efficiency per unit of economic yield (Turner, 1992). 
Siddigue and Sedgley (1986, 1987) showed that pattern of water 
use strongly affects seed yield of chickpea. They concluded 
that measures to improve WUE in water-limited environments 
should aim at reducing transpiration by minimizing canopy 
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development to what is required by the crop to maximize 
harvest index. 
Production of biomass in agricultural systems is closely 
coupled to the use of water for transpiration. Singh and 
Bhushan (1979), Naaza (1991), Sghiouari (1992) have shown that 
biomass accumulation in chickpea under different stress 
environments was linearly related to cumulative transpiration. 
Among putative traits contributing to the improvement of the 
amount of water transpired by crops grown under limited water 
supply, Ludlow and Muchow (1990) reported the importance of 
developmental plasticity, matching phenology to water supply, 
rooting depth and density, early vigor, and osmotic 
adjustment. 
Harvest index, the ratio between harvestable yield and 
above-ground biomass, may vary from 0 to 0.3 in a droughted 
chickpea crop (Sghiouari, 1992; Saxena et al., 1990; Siddique 
and Sedgley, 1986). Its value depends on the pattern of water 
use. Early drought tends to give a large harvest index; late 
drought at or slightly before flowering tends to give a low 
harvest index. The basis of these responses is best discussed 
in relation to the three main components of yield , namely, 
pod number, seed number and the average weight per seed. 
Siddique and Sedgley (1986, 1987) and Singh et al. (1987) 
reported that the major variable in yield of chickpea is seed 
number, which is largely determined by pod number. They also 
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reported that the reduction in harvest index is solely a 
result of a reduction in the number of pods per plant. Pandey 
et al. (1984a) also found that in grain legumes number of pods 
per plant is the yield component most severely affected by 
drought. A severe drought late in the life cycle of chickpea 
crop, after the seed number has been set, resulted in 
shrivelled grain and a low harvest index (Sghiouari, 1992). 
Genotypic differences in harvest index in chickpea have been 
reported (Silim and Saxena, 1991; Singh and Saxena, 1991). 
Under drought situations, chickpea varieties with greater 
early vigor, faster phenological development, and better 
partitioning of assimilate to the reproductive parts had 
higher harvest index and better yield performance. 
In summary, no single attribute is likely to identify 
drought resistance. This should be expected since drought 
resistance can be of many types and drought stress itself can 
differ in pattern. Moreover, the duration and severity of 
stress, and the duration of non-stress in relation to crop 
growth and phenology, combine to influence the outcome of the 
environment-genotype interaction. Nevertheless, when due 
consideration is given to these factors within the framework 
discussed here, it should be possible to identify traits that 
may enhance yield under drought. Because of the diversity of 
environments there are few universal characters that are 
likely to be effective in all drought situations. 
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Undoubtedly, knowledge of mechanisms of plant responses 
to stress greatly improves our ability to determine if a 
particular response is adaptive or if it reflects a stress 
injury. Such knowledge should help plant breeders or genetic 
engineers make modifications to improve crop productivity in 
stressful environments. 
> 
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III. METHODOLOGICAL APPROACH 
At present, the best and ultimate indicator of drought 
resistance used in breeding programs in chickpea is grain 
yield compared under favorable and stressful conditions. It 
would greatly hasten the process of plant selection if 
physiological attributes responsible for the different 
responses of genotypes were identified. One approach would be 
to compare genotypes of known drought tolerance (based on 
grain yield). 
A. Choice of Cultivars 
In order to study the response of chickpea to water 
stress, four cultivars were identified based on Reitz's (1974) 
yielding classification. Reitz has very simply stated that 
"varieties fall into three categories: (a) those with uniform 
superiority over all environments; (b) those that are 
relatively better in poor environments; and (c) those that are 
relatively better in favored environments". 
These cultivars were selected based on an analysis of 
their adaptability, stability, and productivity using seed 
yield data collected over years and locations in Morocco by 
the Food Legume Program. Adaptability is generally defined as 
a genetic capacity to realize a high and stable yield in a 
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range of environments (Finlay and Wilkinson, 1963; Allard and 
Bradshaw, 1964). Yield stability depends on the cultivar's 
capacity to react to environmental conditions, i.e., 
phenotypic plasticity (Bradshaw, 1965; Frey, 1983). The 
productivity of the cultivar expresses the yield level 
achieved in different environmental and agricultural 
conditions over a number of localities and years. The 
adaptability and stability of the cultivars can be measured by 
a yield regression coefficient of each cultivar in relation to 
the average yield of all cultivars grown in several locations 
(Finlay and Wilkinson, 1963; Eberhart and Russel, 1966). 
Cultivars with a regression coefficient around 1.0 
exhibit average stability. In relation to the Reitz system, 
when this is associated with high mean yield, varieties have 
general adaptability; when associated with low mean yield, 
varieties are poorly adapted to all environments. Increasing 
regression values above 1.0 describe varieties with increasing 
sensitivity to environmental change (below-average stability), 
and greater specificity of adaptability to high yielding 
environments. Regression coefficients decreasing below 1.0 
provide a measure of greater resistance to environmental 
change (above-average stability), and therefore increasing 
specificity of adaptability to low-yielding environments. 
Fig. A1 in the Appendix represents the relationship between 
mean yields of 36 chickpea genotypes and the regression 
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coefficient of each genotype on location mean yield. Fig. A2 
illustrates the differences in stability of four cultivars and 
their performance as a linear function of the "environmental 
index". Environmental index is expressed as the mean 
performance of all genotypes in each of the environments. 
FLIP 83-48C and FLIP 84-182C are very desirable cultivars 
because their performance is uniformly superior; they can be 
considered as stable (category (a) in Reitz's classification) 
because their response to environments is parallel to the mean 
response of all genotypes in the trial (Lin et al., 1986). in 
contrast, FLIP 84-92C exceeds average performance only under 
very favorable environments (category (c)). PC46, a landrace 
cultivar, has a relatively poor response and low yields in 
environments that are high yielding for other cultivars; its 
stability comes from the fact that its variance among 
environments is small (category (b)). Landraces, as Blum 
(1988) pointed out, are the first simple example of the effect 
of repeated long-term selection for stable production under 
conditions of stress. Landraces are a valuable genetic 
resource for environmental-stress resistance. 
B. Stress Environment 
Drought tolerance studies require rigorous control over 
the stress environment. Control over the field environment 
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involves not only the water regime but other variables, such 
as site homogeneity, mineral nutrition, weeds, pests, and 
diseases. Provided reasonable control is achieved, both the 
field environment and the greenhouse environment are highly 
desirable for physiological work on drought tolerance. 
The methodology used consisted of measuring full season 
plant physiological responses, growth and yield under both 
stress and nonstress conditions in the field. The field 
experiment corresponds to the drought conditions of the target 
environment where chickpea is grown. To create contrasting 
moisture environments for comparisons of cultivar performance, 
a line-source sprinkler system, as described by Hanks et al. 
(1976), was used. Each cultivar was subjected to a gradient 
of water stress that increased with distance from the line 
source. Observations on each cultivar were performed along 
the gradient at designated space intervals that represent 
moisture treatments. Four water regimes were defined: wet, 
medium, low and dry. The gradient system described above is 
very appropriate as it allows evaluation of genetic materials 
over controlled and variable water regimes to the point where 
potential yield is nearly achieved. 
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C. Physiological Criteria 
The supplementation of yield as a selection index with 
additional criteria that address physiological responses of 
plants to drought stress implies the use of physiological 
measurements. The physiological attributes that are of 
interest include parameters of plant water relations, i.e., 
leaf water potential, leaf osmotic potential, and turgor 
potential; and gas exchange parameters, i.e., leaf CO2-
exchange rate, stomatal conductance, leaf internal CO2, leaf 
transpiration rate, and transpiration efficiency, defined as 
the ratio of photosynthesis to transpiration. 
Other plant characteristics include leaf area index, dry 
matter accumulation of different plant parts, phenology, total 
biomass, yield components, grain yield, harvest index and 
water-use efficiency, defined as the ratio of shoot biomass 
production or seed yield to the total amount of water used. 
Measurements of physiological attributes along with dry 
matter accumulation are performed at intervals in the growth 
cycle of the crop. Throughout the growth season soil profile 
moisture status is monitored under all treatments using the 
neutron probe technique, and meteorological parameters are 
observed on site. 
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PAPER 1. PHYSIOLOGICAL RESPONSES OF CHICKPEA CULTIVARS 
TO WATER DEFICIT 
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INTRODUCTION 
Chickpea (Cicer arietinum L. ) is an important food legume 
crop of the rainfed farming systems of the Mediterranean 
basin. It is usually sown in spring on stored soil moisture, 
which is progressively depleted as growth proceeds. 
Therefore, the crop often experiences drought from late 
vegetative growth to maturity. Development of cultivars with 
high and stable yields under drought, and with the ability to 
respond positively to moisture supply, are the objectives of 
many breeding programs (Kamal and Solh, 1990; Silim and 
Saxena, 1993a). Considerable yield gain by plant breeding has 
been made, even in the most severe drought environment, but 
one can only speculate on the contribution that improved 
drought tolerance made to that gain. 
The physiology of drought resistance has been reviewed 
extensively recently (Blum, 1988; Morgan, 1984; Ludlow and 
Muchow, 1990; Stone and Willis, 1983; Turner, 1986). However, 
little information has accumulated over years on the genotypic 
variation in drought tolerance of food legumes in general, and 
chickpea in particular. Leaf water potential has been 
reported a good indicator of plant water stress. It 
correlates well with different plant functions and yield of 
chickpea, and it is considered a useful parameter in 
interpreting drought tolerance and yielding ability among 
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chickpea cultivars (Singh et al., 1987; Silim and Saxena, 
1993a; Silim and Saxena, 1993b). Chickpea cultivars with wide 
adaptation show high pre-dawn leaf water potentials and deep 
root systems. 
Morgan et al. (1991) found differences in osmotic 
adjustment in the leaves of closely related breeding lines and 
cultivars; a positive relationship between osmotic adjustment 
and grain yield in water-limited field experiments; that 
chickpea lines with greater osmotic adjustment show higher 
leaf water potentials than those with lesser osmotic 
adjustment; and that osmotic potentials are consistently lower 
than water potentials in the high group, while in the low 
group they were equal to or greater than water potential. 
Despite considerable past interest in studying 
physiological response of chickpea plants to water stress, 
little effort has gone into studying how variations in water 
relations and gas-exchange traits differ within the species. 
,p 
Such information should be extremely valuable as a guide for 
future research and cultivar development for drought stress 
environments. Therefore, the specific objectives of this 
study were: 
(1) to determine differences in response of physiological 
traits among chickpea cultivars from different drought 
toleranc categories; 
(2) to study the effect of drought on these traits; 
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to determine the relationships of these traits to drought 
tolerance. 
I 
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MATERIALS AMD METHODS 
The study was conducted during the 1992 season at the 
Institute of Agricultural Research Experiment Station at Sldl 
El Aydl (31'15'N, 7"30'W), near Settat, Morocco. The soil Is 
a vertlc calclxeroll and has a depth of 90 to 120cm. Some of 
the physical characteristics of this soil are summarized In 
the Appendix (Table Al). Total water holding capacity and 
total available water capacity were estimated to be 450 mm and 
220 mm, respectively, for the 120 cm soil depth. 
The experimental design was a split-plot with four 
replications, with water regimes as main plots and cultlvars 
as sub-plots. Based on an analysis of adaptability, 
stability, and productivity of 36 cultlvars over years and 
locations, four cultlvars were Identified as having different 
responses to water stress, based on Reltz's (1974) yielding 
classification. 
FLIP 83-48C and FLIP 84-182C are very desirable cultlvars 
because their performance is uniformly superior and they are 
stable. Their response to varying environments parallels the 
mean response of all genotypes in the trial (Lin et al., 
1986). In contrast, FLIP 84-92C exceeds average performance 
only under very favorable environments. PC46, a landrace 
cultivar, has a relatively poor response and low yields in 
environments that are high yielding for other cultlvars; its 
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stability comes from the fact that its variance among 
environments is small. 
To create contrasting moisture environments, a line-
source sprinkler system, as described by Hanks et al. (1976), 
was used. Thus, each cultivar was subjected to a gradient of 
water stress that increased with distance from the line 
source. Observations on each cultivar were performed along 
the gradient at designated space intervals that represented 
discrete moisture treatments. Four water regimes were 
defined: wet, medium, low and dry. 
Before planting, 20 and 27 kg per ha N and P were 
uniformly applied; planting was done on March 11, 1992, and 
except for a uniform irrigation of 50 mm to ensure plant 
establishment, the crop relied exclusively on soil water 
stored from the previous winter rain until irrigation 
treatments began 42 days after planting. Spacing was 30 cm 
between rows and 10 cm between plants in the row, giving a 
population density of 333,333 plants per hectare. The amount 
of irrigation water received in each water regime was recorded 
using catch-cans. The total amount of irrigation given to 
different water regimes is presented in Fig. 1. 
Gas exchange measurements were performed using a LI-COR 
6200 Portable Photosynthesis System (LI-COR, Inc., Lincoln, 
Nebraska, USA) and a 250 mL leaf cuvette. The uppermost fully 
expanded leaf of the main stem was used for each set of 
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Figure 1. Amount of irrigation water given to different 
regimes at specific dates. Numbers in perentheses 
are day of year. 
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measurements. Measurements were made between 1000 and 1300 h 
local solar time on clear days. Data on COg-exchange rate 
(CER), conductance to water vapor (g), stomatal resistance 
(rg), and internal COg (C|) were obtained simultaneously. 
Single-leaf transpiration efficiency is defined in this study 
as the ratio of CER to transpiration. 
Estimates of leaf water potential were made at midday 
(1130 to 1330 h) using a thermocouple psychrometer (Wescor 
microvoltmeter, model HR-33T with C-30 sample chamber, Wescor 
Inc., Logan, Utah, USA). After excision, leaflets were 
immediately sealed in psychrometer chambers, placed in an 
insulated container (without ice), transported to the 
laboratory, and allowed to equilibrate in a water bath at a 
temperature of 25'C for 2 to 4-h before measurement. The 
samples were subsequently frozen, then allowed to thaw and 
equilibrate in a water bath at a temperature of 25"C for 
measurement of solute potential. Turgor pressure was 
calculated as the difference between the water potential and 
the osmotic potential. Osmotic adjustment was determined by 
linear regression of water potentials versus osmotic 
potentials. Gas exchange measurements and water parameters 
were made at intervals of 7 to 15 days from flowering until 
maturity. Data analyses were carried out using SAS (1988) 
procedures. 
» 
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RESULTS 
Weather Conditions 
Fig. 2 shows weekly precipitation, temperature variation 
and reference crop évapotranspiration in the 1991-92 growing 
season. The calculation of reference crop évapotranspiration 
was based on the Blaney-Criddle method (FAO, 1984). This 
season was characterized by a steady increase in air 
temperature and unusually high temperatures during the late 
growth and reproductive phases of the crop. Rainfall for the 
cropping season was 253.8 mm, which is 33% less than the long-
term average. The 1991-92 season, thus, was very dry, with 
62% of the total rainfall received before planting. Reference 
ET increased steadily during growth of the crop and reached a 
maximum at the reproductive stage. The hot and dry weather 
during the season ensured a severe water deficit in the 
unirrigated crop. 
Water Relations 
The analysis of variance for water parameters is given in 
Appendix Table A2. Sampling date by treatment interactions 
were not significant for the traits measured. The results are 
presented as the average of all sampling dates. 
» 
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Figure 2. Summary of weather data during the 1992 
growing season. PL, FL and MA reposent dates of 
planting, flowering and maturity, respectively. II, 
12, 13 and 14 represent dates when gradient 
irrigation was applied. 
43 
As the gradient of water stress increased, the plants 
experienced lower potentials (Fig. 3). The mean values of 
water potential were -1.66, -2.02, -2.43 and -2.64 MPa for the 
wet, medium, low and dry water regimes, respectively. The 
mean values of solute potential were consistently lower, and 
the values corresponding to the water potentials mentioned 
above were -2.06, -2.31, -2.53 and -2.70 MPa. The mean 
pressure potential values were therefore 0.40, 0.29, 0.10 and 
0.06 MPa for the wet, medium, low and dry regime, 
respectively. 
The cultivar by water regime interaction was significant 
for water potential and solute potential. PC-46 showed higher 
potentials in most water regimes, while FLIP 84-182C seemed to 
have greater water potentials in the low and dry water regimes 
than FLIP 84-92C and FLIP 83-48C. The latter cultivars showed 
quite similar trends (Fig. 3). The differential cultivar 
responses in water and osmotic potential led to some 
interesting changes in turgor. Despite having a high solute 
potential PC-46 maintained highest pressure potential at all 
regimes. And, FLIP 84-182C with intermediate values in water 
and solute potential under stress was among the lowest in 
turgor in the low and dry regimes. 
The regressions of solute potential on water potential 
and of pressure potential on water potential for the different 
cultivars are presented in Figs. 4 and 5, respectively. FLIP 
> 
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Figure 3. Leaf water potential, solute potential and 
pressure potential of chickpea cultivars as a 
function of different water regimes. Each data 
point is a mean of 14 measurements from all seven 
sampling dates. 
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84-92C, FLIP 83-48C and PC-46 had relatively similar slopes 
compared with FLIP 84-182C. The rate of decline of solute 
potential was slower and the rate of decline of pressure 
potential with decreasing water potential was faster for the 
former group of cultivars than for FLIP 84-182C. This means 
that these cultivars would maintain turgor at lower water 
potentials than FLIP 84-182C. In fact, extrapolating to zero 
turgor shows that FLIP 84-182C would lose turgor at a water 
potential of -2.90 MPa, whereas FLIP 84-92C, FLIP 83-48C and 
PC-46 would not loose it until their water potentials reach 
-3.24, -3.00 and -3.17 MPa, respectively. Cultivar FLIP 84-
182C showed greater solute potential at full turgor than the 
other cultivars, as demonstrated by the intercept values of 
the regression equations. It seems that osmotic adjustment 
occurred in all cultivars but to an extent greater for FLIP 
84-92C than PC-46 and FLIP 83-48C, which were better than FLIP 
84-182C, and this of course was reflected in differences in 
maintenance of pressure potential. 
Gas-Exchange Parameters 
The analyses of variance indicate significant differences 
due to cultivar, water regime and sampling date. There were 
no important interactions involving cultivars, except the 
cultivar by date interaction for stomatal resistance (Appendix 
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Table A3). This means that cultivar responses in gas-exchange 
parameters and related traits were consistent for each level 
of water deficit. The results are presented as the average of 
all sampling dates. 
Gas-exchange traits means among water regimes and among 
cultivars are summarized in Table 1. As moisture stress 
increased, COg-exchange rates were reduced and stomatal 
resistances were increased. There was a 42% reduction in CER 
and a 41% increase in stomatal resistance between the wet and 
the dry regimes. The ratios of Cj/Cg, although declining by 
10% with water deficit, were not significantly different. 
Transpiration efficiency was not influenced by water deficit. 
Cultivar differences were striking (Table 1). PC-46 
demonstrated higher performance in all the traits recorded for 
the range of water deficits imposed. FLIP 84-182C was 
intermediate and showed good performance. Although it had 
lower CER than PC-46, the two cultivars did not differ 
significantly in the other traits. FLIP 84-92C and FLIP 83-
48C were similar and the poorest performers. 
Relationship among Leaf Traits 
As water potential decreased, all cultivars experienced a 
drop in CER (Fig. 6). At high leaf water potentials, PC-46 
and FLIP 84-182C had higher CER than FLIP 84-92C and FLIP 83-
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Table 1: C02-exchange rate (CER), stomatal conductance (g), 
stomatal resistance (rg), Cj/Cg ratio and transpiration 
efficiency (TE) as affected by different water regimes 
and of different cultivars. 
Main effect CER g r. Ci/C, TE 
(pmol s"i) (mol m"^ s'l) (s cm*') umol CO5. 
mol HgO 
Water reeime 
Wet 12.62a^) 0.21a 3.13c 0.50a 2.33a 
Medium 9.24b 0.13b 4.31b 0.47a 2.46a 
Low 8.70bc 0.13b 4.80ab 0.45a 2.53a 
Dry 7.32c 0.12b 5.32a 0.45a 2.46a 
LSD (0.05) 1.47 0.04 0.73 0.06 0.33 
Cultivar 
FLIP 84-92C 8.78bc 0.13c 4.73a 0.46a 2.44ab 
FLIP 83-480 8.43c 0.14bc 4.59ab 0.48a 2.38b 
PC-46 11.01a 0.17a 4.03c 0.45a 2.55a 
FLIP 84-1820 9.67b 0.16ab 4.21bc 0.48a 2.41ab 
LSD (0.05) 0.91 0.02 0.46 0.03 0.16 
Means followed by the same letter are not significantly different at 
the 5% level of significance. 
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48C. As potentials dropped, CER dropped faster for the former 
cultivars than for the latter ones. However, at low water 
potentials the cultivar differences were not as large as at 
moderately low to high water potentials. 
Decreased water potentials at different sampling dates 
resulted in a net increase in stomatal resistance, except for 
the second date where high relative humidities and high 
temperatures were recorded (Fig. 7). The cultivars FLIP 84-
182C and PC-46 had greater sensitivity of the stomata to water 
deficit than FLIP 83-48C and FLIP 84-92C. 
The photosynthesis response to increased water potential 
was tightly linked with changes in stomatal resistance (Fig. 
8). Not only did PC-46 and FLIP 84-182C have greater CER at 
high water potential because of lower stomatal resistance, but 
they also had higher photosynthetic rates at any given 
stomatal resistance. This result suggests a higher mesophyll 
capacity for photosynthesis in these cultivars. 
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DISCUSSION 
The cultiver PC-46 was clearly superior to FLIP 84-182C, 
FLIP 84-92C and FLIP 83-48C in the ability to maintain high 
leaf water status and physiologic activity at all levels of 
water deficits. Variation among genotypes in the maintenance 
of water potential under conditions of moisture stress has 
been shown in several other crops (Boyer et al., 1980; Adjei 
and Kirkham, 1980; Quisenberry. et al., 1985; Morgan et al., 
1991). In chickpea, Morgan et al. (1991) demonstrated that 
drought tolerant cultivars maintained higher water potential 
than did drought sensitive cultivars. This was generally 
associated with better soil moisture extraction (Silim and 
Saxena, 1993a). 
Osmotic adjustment, the biochemically mediated 
accumulation of solute in response to drought, may have 
occurred in all the cultivars. However, the extent of osmotic 
adjustment, determined conventionally by comparing the water 
potential at zero turgor, revealed differences among cultivars 
in the order of FLIP 84-92C > PC-46 > FLIP 83-48C > FLIP 84-
182C. The cultivars differed in osmotic adjustment within a 
range of 0.34 MPa. Osmotic adjustment seemed to be important 
for chickpea performance under drought stress when the maximum 
difference among cultivars reached 0.9 MPa (Morgan et al., 
1991). Genotypic difference in osmotic adjustment of only 
55 
0.34 MPa may not influence plant performance importantly under 
drought stress. Morgan et al. (1991) proposed using this 
trait as a selection criterion in the breeding of chickpeas. 
However, ascribing superior plant performance to a unique, 
singular attribute should be done cautiously. 
In the present study, acclimation to different levels of 
water deficits allowed me to relate gas-exchange of plants to 
changes in water status. Greater COg-exchange rates in PC-46 
and FLIP 84-182C, compared with FLIP 84-92C and FLIP 83-48C, 
at high to moderately low water potentials were attributable, 
in part, to greater stomatal conductances and to greater 
capacity of the mesophyll to assimilate COg. The 
photosynthetic rates decreased faster in PC-46 and FLIP 84-
182C than FLIP 84-92C and FLIP 83-48C with decreasing water 
potential, as a result of a more rapid increase in stomatal 
resistance in the former cultivars. 
A close relationship between photosynthetic rate and 
stomatal conductance does not necessarily imply that changes 
in CER are due to changes in diffusive conductance to COg in 
the leaf. The decrease in CER with decline in water potential 
can be a consequence either of reductions in stomatal 
conductance or of limitations in the mesophyll capacity for 
photosynthesis. To distinguish between the two, I analyzed 
the responses of stomatal conductance-photosynthesis for cause 
and effect relationships. If stomatal conductance imposed a 
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major limitation on the photosynthetlc process, C| should 
Initially decline and then possibly remain constant in the CO2 
limiting range. If stomatal conductance responds to 
limitations in photosynthesis then C| should remain constant or 
slightly Increase. For all cultlvars, C| decreased with 
Increase in water deficit and was slightly responsive to 
differences in photosynthetlc rates, suggesting that the 
reductions in stomatal conductance were relatively more 
Important than any reductions in the mesophyll capacity for 
photosynthesis. This has also been reported In other grain 
legumes where plants where allowed to acclimate fully to 
drought stress, as opposed to when stress is applied rapidly 
(Castonguay and Markhart, 1992; Ludlow et al., 1985). 
Analysis of the relationship among leaf-gas exchange 
traits demonstrated a significant positive correlation between 
C02-exchange rate and stomatal conductance (r=0.66y Table 2). 
This positive correlation precludes the establishment of 
simple relationships between transpiration efficiency, and 
either conductance or CER. Transpiration efficiency was more 
strongly correlated with variation in conductance (r=-0.66) 
than with CER (r=-0.20). As a result of these relationships, 
it seems conductance had the dominant effect on differences in 
transpiration efficiency. In general, greater transpiration 
efficiency was realized in leaves with lower conductance. 
Thus, my results indicate that, among these genotypes tested. 
Table 2: Correlations (Pearson's coefficients) of leaf-gas exchange traits and water 
relations parameters of chickpea cultivars averaged for water regimes and 
sampling dates. 
g r, Ci/C, TE WP SP TP 
CER 0.66" -0.65" 0.19 -0.20 0.40" 0.37" 0.23" 
g -0.78" 0.74" -0.66" 0.27" 0.30" 0.05 
r, -0.73" 0.74" -0.34" -0.36" -0.12 
Ci/C, -0.86" 0.10 0.21* -0.15 
TE -0.16 -0.17 -0.03 
WP 0.91" 0.62" 
SP 0.24" 
*, Significant at the 0.05 and 0.01 probability levels, respectively. 
CER - COg-exchange rate; g - stomatal conductance to water vapor ; r, - stomatal resistance; C|/C, -
ratio of internal [COg] to ambient [COg] ; TE - transpiration efficiency; WP - water potential; SP — 
solute potential; TP - turgor pressure. 
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genetic variation in conductance was more predictable in its 
effect on transpiration than on CER. From a practical 
viewpoint, this consistent relationship between conductance 
and transpiration efficiency can be seen in a positive light. 
Selection for increased water-use efficiency through reduction 
in leaf conductance would seem a straightforward proposition; 
however, photosynthetic limitations due to lowered leaf 
conductance will tend to limit yield potentials under 
favorable environments. 
» 
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CONCLUSION 
Attempts were made to provide insight on the effects of 
consistent, long-term moisture stress on plant water relations 
and gas-exchange to determine the physiological responses 
among chickpea cultivars that differ in tolerance to water 
stress. Genetic variation exists in many of the traits 
examined, offering promise for yield improvement for dryland 
conditions. Genetic variation exists in the following 
drought-adaptive attributes: maintenance of relatively higher 
leaf water potential under conditions of soil moisture stress; 
osmotic adjustment; stomatal resistance; and C02-exchange 
rate. Differences in leaf conductance due to cultivar were 
more consistently and predictably related to differences in 
water-use efficiency than were genotypic-related 
photosynthetic variations. 
The performance of the cultivar PC-46 under drought 
stress stems from its ability to maintain high water 
potentials and from its greater ability for osmotic 
adjustment. PC-46 was able to maintain a more favorable water 
status throughout the season than other cultivars. PC-46 had 
greater rates of photosynthesis and better stomatal 
conductance. 
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PAPER 2. PERFORMANCE OF CHICKPEA CULTIVARS UNDER VARIABLE 
MOISTURE SUPPLY IN A SEMI-ARID REGION 
I»  
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INTRODUCTION 
In Mediterranean areas, chickpea (deer arietinum L. ) is 
normally grown in spring on residual soil water, and its 
productivity is limited by soil water availability during late 
vegetative and reproductive growth. Water stress during 
vegetative development reduces expansion of leaves, stems and 
roots and ultimately affects the development of reproductive 
organs and the potential yield (Buddenhagen and Richards, 
1988; Saxena et al., 1990; Singh, 1991; Sghiouari, 1992; 
Siddigue and Sedgley, 1986). 
Reduced leaf area development and accelerated leaf 
senescence are common responses to water deficit in food 
legumes, in general, and in chickpea in particular 
(Hebblethwaite, 1982; Hooda et al., 1989a; Sghiouari, 1992). 
The results of these responses are lower potential and actual 
leaf area indices, and thus reduced growth and yield. Pandey 
et al. (1984a; b) and Lawn (1982) reported differences among 
grain legumes in soil water extraction pattern, ability to 
maintain leaf area expansion rate, leaf area index, leaf area 
duration, crop growth rate, shoot dry matter, and yield, under 
severe water stress. However, comparative responses within 
species are less well documented. 
Muchow (1985) reported differences in water-use 
efficiency (WUE) among cultivars of several food legumes. 
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Genetic variation in WUE has been reported in cowpea (Vigna 
unguiculata (L.)) as well (Hall et al., 1992; Ismail and Hall, 
1992). Keatinge and Cooper (1983) and Silim and Saxena (1991; 
1993a) also reported differences in WUE among chickpea 
cultivars under various moisture supply conditions. 
In chickpea, there are cultivar differences in harvest 
index (HI) related to pattern of water use (Silim and Saxena, 
1991). For crops relying on residual soil moisture, deep 
rooting is advantageous (Lawn, 1988; Ludlow and Muchow, 1988; 
Gregory, 1988). An association between deep rooting and 
drought tolerance in chickpea was confirmed by Silim and 
Saxena (1993b); cultivars with deep root systems produced 
large seed yield. 
Similarly, genetic variation in drought tolerance in 
growth and yield has been reported in chickpea (Saxena, 1987; 
ICARDA, 1988, 1989, 1990). Under drought situations, chickpea 
cultivars with greater early vigor, faster phenological 
development, and better partitioning of assimilate to the 
reproductive parts had higher HI and bigger yields. Silim and 
Saxena (1993b) found that drought tolerance was highly 
correlated with a deep root system, maintenance of high leaf 
water potential and production of a large number of seeds per 
m^. 
The effects of water stress on growth, development, and 
dry matter partitioning among plant components have been 
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studied, but relatively little research has been conducted to 
determine the differential response of chickpea genotypes to 
water stress. In the first paper, I demonstrated how the 
cultivars differed in water relations and gas-exchange traits 
under water deficit, and it will be of value to see how these 
differences translate into growth and yield. Understanding 
the effect of water deficit during growth and development of 
the plants, and identifying how genotypes that withstand such 
stresses, could improve production in rainfed, drought-prone 
areas. 
The specific objective of this study was to determine the 
comparative responses of four chickpea genotypes that have 
been observed to differ in their sensitivity to drought 
stress. In particular, I evaluated their drought response in 
terms of dry matter accumulation and partitioning to plant 
parts, water use, yield and variation among yield components 
resulting from several levels of water stress. 
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MATERIALS AND METHODS 
The details of the field experiment are fully described 
in the first paper. In summary, the study was conducted at 
sidi El Aydi Experimental Station near Settat, Morocco. Four 
chickpea cultivars, FLIP 84-92C, FLIP 83-48C, PC-46 and FLIP 
84-1820, were selected based on their performance under 
drought. A line source sprinkler irrigation system was used 
to create four water regimes: wet, medium, low and dry (no 
irrigation). Observations on each cultivar were performed 
along the water gradient at four space intervals that 
represented the four water regimes. 
Before sowing, aluminum access tubes were installed near 
the center in each sub-plot, using a hydraulically-driven soil 
probe. Soil water content was measured with a neutron probe 
(Troxler) weekly during the growing season at 0.15, 0.30, 0.60 
and 0.90 m soil depths. Neutron counts were converted to 
volumetric soil water contents using a predetermined 
calibration curve. Effective rooting depth, i.e. greatest 
depth of water extraction, was derived from the neutron probe 
data. 
The water-balance method was used to calculate total 
water use (ET), and the related water-use efficiencies (WUE). 
Runoff was neglected because the field plots were level. 
Drainage below the root zone also was assumed to be nil. So, 
67 
the equation used to compute ET was as follows: 
ET = P + I + fiM 
Where P represents the rainfall amount received during the 
growing season, I the amount of irrigation water applied, and 
6M the change in soil water content in the 0-120 cm soil 
profile that occurred between emergence and harvest. 
Growth analysis was performed to determine to what extent 
growth and development of each plant component was affected by 
water stress treatments; growth above 0.15 m' ground surface 
area was harvested at intervals and the green leaf area and 
dry weights of leaves, stems including branches, and 
reproductive parts were determined. The dates of emergence, 
50% flowering and maturity were recorded. Meteorological data 
were collected at a weather station located 200 m from the 
experiment. 
Total dry matter yield and yield components were measured 
by harvesting 1.2 m' in each sub-plot 3 weeks before harvest. 
Grain yields were measured by combine harvesting the fourteen 
middle rows of each sub-plot. 
All parameters measured or calculated were analyzed 
statistically using the SAS (1988) Analysis of Variance 
Procedure. The treatment means were compared by the least-
significant difference method at the 0.05 probability level. 
> 
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RESULTS 
Weather Conditions 
Weather conditions during the 1991-92 growing season were 
described in Paper I. Briefly, the season was very dry; total 
precipitation was only 253.8 nun, with most (62%) received 
prior to planting. Unusually high temperatures were recorded 
during the late growth and reproductive phases of the crop. 
Reference ET increased steadily during growth of the crop, and 
reached a maximum at the reproductive stage. The weather 
conditions were hot and dry during the season, ensuring a 
severe water deficit in unirrigated crops. 
Vegetative Growth 
Leaf development: The changes in leaf area index and leaf 
dry matter during growth and development of the chickpea 
cultlvars under different water regimes are Illustrated in 
Figs. 1 and 2. The analyses of variance revealed significant 
differences among water regimes at all sampling dates, except 
the second and third dates of sampling for leaf mass. Cultivar 
differences were significant only during the first three dates 
and the last date of sampling. The Interaction of cultivar by 
water regime, however, in most cases was non-significant. 
t 
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Figure 1. Changes in leaf area index (LAI) with time of 
chickpea cultivars as affected by different water 
regimes. Bars represent standard error of 
differences between cultivar means for a given water 
regime. 
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Figure 2. Changes in leaf dry-weight with time of 
chickpea cultivars as affected by different water 
regimes. Bars represent standard error of 
differences between cultivar means for a given 
water regime. 
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Differences in leaf mass among cultivars were less pronounced 
than were differences in LAI. Moreover, LAI showed a sharp 
reduction with increasing water deficit, whereas leaf mass was 
affected much less. The reduction in maximum leaf dry weight 
was 20% between the wet and the dry regimes, while there was a 
50% reduction in maximum leaf area index. This implies 
thickening of the leaves as a result of water deficit. The 
LAIs reached, even in the wet plot, were quite low, but 
comparable to the ones reported by others in similar 
environments (Keatinge and Cooper, 1983; Sghiouari, 1992; 
Siddigue and Sedgley, 1986). The declines at maturity shown 
in both figures represent leaf loss. Cultivars FLIP 84-92C, 
FLIP 83-48C and FLIP 84-182C showed a tendency to accumulate 
leaf area and leaf mass more rapidly early in the season 
compared with PC-46. This might be advantageous in limiting 
evaporation from the soil. 
Shoot growth: Differences in mean crop growth rate (MCGR) 
among water regimes and among cultivars are represented in 
Table 1. As the gradient of water deficit increased, MCGR 
significantly decreased. The reduction in MCGR among 
different water regimes was 27% between the wet and the medium 
regimes, 43% between the wet and the low or the dry regimes 
and 21% between the medium and the low or the dry regimes. 
Cultivars did not differ in MCGR, nor was the interaction of 
» 
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Table 1: Mean crop growth rate (MCGR), seed growth rate 
(SGR), and effective filling period (EFP) as affected by 
different water regimes and cultivars. 
Main effect MCGR SGR EFP 
a m"^ dav*^ a dav'1 days 
Water reaime 
Wet 15.7a 2.57a 19.7a 
Medium 11.4b 1.10b 15.2b 
Low 9.1c 0.48c 6.5c 
Dry 9.0c 0.44c 6.4c 
LSD (0.05) 1.1 0.40 3.5 
Cultivar 
FLIP 84-92C 10.5b 0.93bc 9.7b 
FLIP 83-48C 11.Gab 1.34ab 13.5a 
PC-46 11.2ab 0.49c 9.5b 
FLIP 84-182C 11.9a 1.83a 15.2a 
LSD (0.05) 1.2 0.53 3.1 
Means followed by the same letter are not significantly 
different at the 5% level. 
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cultlvar by water regime significant. This means that 
allcultivars accumulated dry matter to a similar extent 
independently of the water regimes. Therefore, differences in 
yield performance were not dependent on variations in MCGR. 
Reproductive Growth 
Phenology: Days from planting to flowering and to maturity 
ranged from 62-70 and 98-112 (Table 2). Under the wet regime, 
the time to flowering was the same for all cultivars. 
However, under the dry regime FLIP 84-182C flowered 3 days 
earlier than FLIP 84-92C and FLIP 83-48C, and 6 days earlier 
than PC-46. Average date of physiological maturity of the 
cultivars was 6 days earlier under the dry regime compared 
with the wet regime. Days to maturity was shortened by soil 
water deficit to a similar extent for all the cultivars, but 
FLIP 84-182C reached maturity under both water regimes 5, 2 
and 8 days earlier than FLIP 84-92C, FLIP 83-48C and PC-46, 
respectively. Therefore, FLIP 84-182C showed early 
phenological development compared with the other cultivars. 
These results showing hastening of crop development with water 
deficit, and thus decreased reproductive duration, are in line 
with those reported by Silim and Saxena (1993a) and Singh 
(1991). Early flowering as a drought escape mechanism has 
been shown to have a major contribution to rainfed seed yield 
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Table 2. Number of days from sowing to flowering and maturity 
in wet and dry regimes of different cultivars. 
Flowering Maturity 
Cultivar Wet Dry Wet Dry 
FLIP 84-92C 69 65 109 103 
FLIP 83-48C 70 65 106 100 
PC-46 70 68 112 107 
FLIP 84-182C 70 62 104 98 
Mean 70 65 108 102 
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of chickpea (Silim and Saxena, 1993b). It accounted for 69% 
of the variation in drought yield among chickpea cultivars, 
but the variation in date to flowering among those cultivars 
was large compared with the variation reported in this study. 
Seed growth: Seed growth rate (SGR) and effective filling 
period (EFP) were greatly affected by cultivars and by water 
regimes (Table 1). SGR and EFP were 83% and 68% less in the 
dry regime than in the wet regime. Cultivar FLIP 84-182C 
maintained greater SGR and EFP in all water regimes, followed 
by FLIP 83-48C, then FLIP 84-92C; PC-46 was least. Moreover, 
while SGR and EFP for FLIP 84-182C were reduced by 65% and 
57%, these reductions reached 86% and 73% for FLIP 84-92C, 90% 
and 60% for FLIP 83-48C and 90% and 80% for PC-46. 
Considering all plant parameters, the largest effect of 
drought appears to be on seed dry matter accumulation. 
Seed yield: Water stress reduced the number of pods and 
seeds per m^ (Table 3). However, seeds per pod and the weight 
per seed were not affected as much by water stress. 
Similarly, Siddigue and Sedgley (1986; 1987) found the most 
plastic yield component of chickpea to be seed number, which 
is largely a function of pod number, the component most 
severely affected by drought. Significant differences among 
cultivars were found in all yield components except for single 
» 
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Table 3: Number of pods and seeds per m'^, seed per pod and 
weight per seed as affected by different water regimes 
and cultivars. 
Main effect Pods Seeds Seeds/pod Weight/seed 
no. m-2 no. mg 
Water regime 
Wet 231a 190a 0.80a 273a 
Medium 43b 32b 0.71a 309a 
Low lib 8b 0.71a 250a 
Dry 10b 8b 0.69a 287a 
LSD (0.05) 47 45 0.16 60 
Cultivar 
FLIP 84-92C 7 lab 56ab 0.72ab 281a 
FLIP 83-48C 69ab 55b 0.72ab 277a 
PC-46 59b 43b 0.64b 279a 
FLIP 84-182C 96a 83a 0.84a 283a 
LSD (0.05) 29 27 0.13 36 
Means followed by the same letter are not significantly 
different at the 5% level. 
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seed weight. In general, FLIP 84-182C showed more pods 
andseeds per unit of area and more seeds per pod, followed 
equally by FLIP 84-92C and FLIP 83-48C, whereas PC-46 had 
least. Therefore, it appears that differences in the number 
of seed set, i.e., sink size, in association with SGR and EFP, 
i.e., sink demand, accounted for most of the differences in 
yield potential among cultivars. Silim and Saxena (1993b) 
reported that, under severe drought, a large number of seeds 
per m^ could be used as a selection criterion for drought 
tolerance. 
Total above-ground dry matter, seed yield and harvest 
index at maturity for the four cultivars are shown in Fig. 3. 
Highly significant differences between water regimes were 
found, with there being a trend of progressive reduction in 
total dry matter and seed yield with dryness. There were 
substantial reductions in total crop biomass (74%), seed yield 
(72%) and harvest index (88%) between the wet and the dry 
regimes. No significant differences among cultivars were 
found for total dry matter, nor was the cultivar by water 
regime interaction significant. However, highly significant 
differences among cultivars and for the interaction of 
cultivar by water regime were found for seed yield and harvest 
index. FLIP 84 -182C generally produced greater seed yields 
and had higher harvest indices than other cultivars in all 
water regimes. PC-46 has a low yield potential even under the 
» 
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DRY MATTER YIELD (KQ/HA) 
YIELD (KG/HA) 
///////J' ^  
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HARVEST INDEX 
FLIP 84-920 FUP83-48C PC-46 FLIP 84-1820 
CULTIVAR 
Figure 3. Total above-ground dry matter, seed yield and 
harvest index of chickpea cultivars as affected by 
water regimes. 
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wet regime, and it wasthe most affected by water deficit, 
although its total drymatter yield was comparable to other 
cultivars. Its low productivity stems from the fact that it 
has a limited sink size and a limited capacity for 
partitioning assimilates from the vegetative source to the 
reproductive sink. FLIP 84-92C and FLIP 83-48C showed similar 
responses to water deficit, intermediate to the other two 
cultivars. 
Evapotranspiration and WUE 
Total dry matter yield and seed yield exhibited a strong 
linear relationship with seasonal évapotranspiration (r^= 0.50 
for total dry matter and r^= 0.61 for seed yield). 
Evapotranspiration (ET) and water-use efficiency for total dry 
matter (WUEqi^ ) and seed produced (WUEg) are summarized in 
Table 4 for the cultivars under the wet, medium and low water 
regimes. Significant differences among water regimes in ET 
were found. Plants in the medium regime evapotranspired 49% 
less than plants in the wet regime and those in the low regime 
evapotranspired 77% less. Cultivar differences in ET and the 
interaction of cultivar by water regime were not significant. 
Similarly, there were no significant differences in WUEd^  
among cultivars, water regimes or their interaction. However, 
differences in WUEg were highly significant among water 
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Table 4: Differences in évapotranspiration (ET), dry matter 
water-use efficiency (WUEd^ ) and seed production water-
use efficiency (WUEg) among cultivars as affected by 
different water regimes. 
Main effect ET (mm) WUEdm WUEg 
Water reaime 
Wet 188a 26.8b 3.23a 
Medium 97b 37.2ab 1.20b 
Low 43c 45. Oa 0.81b 
LSD (0.05) 13.6 17.1 1.33 
Cultivar 
FLIP 84-92C 109a 37.2a 1.76b 
FLIP 83-48C 106a 35.0a 1.89b 
PC-46 109a 36.4a 0.75c 
FLIP 84-182C 112a 36.7a 2.57a 
LSD (0.05) 9.8 10.1 0.59 
Means followed by the same letter are not significantly 
different at the 5% level. 
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regimes, cultivars and their interaction. There was a 75% 
reduction in WUEg between the wet and low regimes. FLIP 84-
182C exhibited significantly higher seed WUE than 
othercultivars at all water regimes. FLIP 83-48C and FLIP 84-
92C generally showed similar efficiencies, whereas PC-46 had 
the lowest WUEg. Therefore, it appears that all cultivars 
were able to use water with the same efficiency to produce 
total dry matter, but were unable to do so for seed yield. 
The main difference among cultivars, as demonstrated earlier, 
stems from differences in sink size and demand and their 
ability to transform dry matter produced into seed. 
Effective rooting depth: Since spring-sown chickpea depends 
mainly on the amount of water stored in the soil profile, most 
gains are likely to come from maximum extraction of this 
limited water. The data in Fig. 4 represent the depth of 
water extraction during the growing season, which is an 
indication of the effective rooting depth of the cultivars 
under different water regimes. The general pattern was 
similar for all chickpea cultivars. As the season progressed, 
the roots moved further down in the soil profile. However, 
the greatest effective rooting depth varied among the 
cultivars. FLIP 84-182C and FLIP 84-92C consistently 
extracted water from the 90 cm depth. On the other hand, FLIP 
83-48C had a maximum rooting depth of 60 cm independent of 
I 
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Figure 4. Changes in effective rooting depth with time 
of chickpea cultivars as affected by water regimes. 
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water regime. PC-46 extended roots to 90 cm under the wet, 
medium, and low regimes, but under the dry regime it did not 
exceed the 60 cm soil depth. Rooting depth has been reported 
a valuable selection criterion for drought tolerance in 
chickpea (Silim and Saxena, 1993a and 1993b). The cultivars 
of chickpea identified as drought tolerant in their study had 
deep root systems. 
» 
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DISCUSSION 
Shoot mass and seed yield have been used effectively in 
characterizing chickpea cultivar differences in drought 
tolerance based on empirical field screening methods in a 
receding soil moisture environment (Kamel and Solh, 1990; 
Saxena, 1987; ICARDA, 1988 and 1989). These parameters 
integrate the total effects of drought over space and time. 
Drought inhibitory effects on growth are evident from the 
large yield reductions in all cultivars studied. The question 
of whether the cultivars selected differ in relative 
sensitivity to drought, in terms of growth and development, is 
important in deciding genetic and agronomic management 
strategies to alleviate the effects of drought, and also in 
deciding which parents to use in a breeding program. 
Differential response among chickpea cultivars gave rise 
to important parameters associated with yield performance 
under drought. The overall performance of the cultivars was 
in the order FLIP 84-182C > FLIP 83-48C > FLIP 84-92C > PC-46. 
The best performance of FLIP 84-182C is attributed to deep 
rooting, large sink size, greater sink demand, good 
partitioning of dry matter to reproductive structures and high 
water-use efficiency. 
In fact, cultivar FLIP 84-182C was able to extract water 
from a greater depth. Its deep rooting was exhibited under 
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various water regimes. This is very desirable since it can 
make the best of any additional moisture supply. Silim and 
Saxena (1993a; 1993b) observed differences among cultivars in 
maximum effective rooting depth. Cultivars with deep root 
systems produced high grain yield. For crops relying on 
residual moisture, deep rooting is advantageous (Lawn, 1988; 
Ludlow and Muchow, 1988; Gregory, 1988). 
Final dry matter accumulation in a seed is the product of 
duration and rate of seed fill. Both of these components of 
seed growth were influenced by cultivar and water deficit. 
Duration of seed fill and rate of seed growth both had the 
greatest impact on differences in seed yield among cultivars. 
Similarly, the effect of water deficit involved consideration 
of both components of seed yield. These factors directly 
affected seed yield due to limitation of sink size. 
Additionally, they indirectly altered seed growth by effects 
on assimilate availability and translocation from vegetative 
organs to the seed, as reflected in the harvest index. In 
fact, the process of seed growth involves partitioning of 
assimilates from the vegetative source to the reproductive 
sink. However, the efficiency of remobilization of fixed 
vegetative carbon to support the seed requirement in chickpea 
is reported to be poor (Hooda, 1989b). Therefore, the major 
constraint to improved seed WUE and production by chickpea 
cultivars is the translocation of assimilates to reproductive 
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organs. Ludlow and Muchow (1990) reported that the ability to 
continue translocating carbon where it is needed, even when 
stress is extremely severe, is a key factor in virtually all 
aspects of plant tolerance to drought 
At all levels of water stress, FLIP 84-182C was able to 
partition dry matter better than any other cultivar. It 
appears that as the gradient of stress progressed, sink size 
and demand and partitioning of assimilates to the reproductive 
sink became the major factors contributing to high seed yield. 
In these situations, grain yield was mainly sink determined. 
Therefore, traits that were associated with high yield under 
drought were high harvest index, large number of pods and 
seeds, and a deep root system. FLIP 84-182C was able to 
perform better under droughty conditions, but was still able 
to make full advantage of any additional moisture available. 
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GENERAL SUMMARY 
Water constitutes a major constraint to increasing 
chickpea production in the semi-arid areas of Morocco. The 
crop is spring-sown, grown on residual soil moisture and 
experiences progressively increasing terminal drought. The 
crop also plays an important role in sustainable agricultural 
systems in these areas. 
Genetic and management options are two ways to tackle the 
problem of drought. Genetic options are less costly and can 
have more impact in these systems. There has been some 
success in identifying useful variability for drought 
tolerance in chickpea using empirical yield-based screening 
methods. However, a central issue in plant breeding for 
improved drought tolerance is the role of physiological 
attributes in supporting productivity under stress. The 
identification of such specific factors may help increase the 
efficiency of selection for improved performance under 
drought. The two papers presented in this document attempted 
to provide insight to the effects of water deficit on 
physiological response and yield performance among cultivars; 
herein, I will discuss the main results as they apply to the 
general problem. 
The physiological basis of adaptation to drought in 
chickpea revealed putatively important traits as they relate 
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to yield performance. The landrace, PC-46, a highly stable 
cultivar, showed outstanding physiological performance under 
different environments compared with the other cultivars. PC-
46 constitutes a case for long-term viability and survival 
under natural conditions. It would not survive in time were 
it not for its adaptive features. These adaptive attributes, 
from which yield stability is derived, include the maintenance 
of high leaf water potential; osmotic adjustment; stomatal 
behavior, i.e., stomatal response to increases in moisture 
stress; and mesophyll capacity for photosynthesis. However, 
its yield potential is low due to limited sink size. It sets 
few pods, few seeds and ensures that those seeds are filled. 
This is inherent to the cultivar for survival. FLIP 84-
182C, classified as the most desirable cultivar with wide 
adaptability, was by and large the best yield performer over 
all environments. Its stability stems from its ability to 
maintain high leaf water potential under stress; good stomatal 
behavior; high mesophyll capacity for photosynthesis; a deep 
root system and a large sink size. Its high yield under 
drought is affected not only by the specific physiological 
responses to stress, but also by the yield potential, which 
cannot be accounted for by physiological measurement of 
drought response. Seed yield was improved simply by 
partitioning a larger part of biomass into seed and by a 
larger sink size. This cultivar does not possess any unique 
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physiological advantage toward total dry matter production. 
It yielded better simply because it was able to set more seeds 
under drought and thus had a greater reproductive sink 
capacity, as reflected by a high harvest index. 
Cultivars FLIP 83-48C and FLIP 84-92C were quite similar 
in their physiological responses to drought, although they 
were thought to differ in their adaptability. They both had 
high ability for osmotic adjustment and lower mesophyll 
capacity for photosynthesis. Their yield performance was 
intermediate between the PC-46 and FLIP 84-182C. Harvest 
index accounted for their higher yield under wet to moderate 
stress than the landrace. The higher yield performance under 
drought of FLIP 84-182C compared with FLIP 83-48C and FLIP 84-
92C was achieved by maximizing depth of extraction and 
controlling water loss, which resulted in maintenance of 
higher leaf water potential. It seems that FLIP 83-48C and 
FLIP 84-92C have inherently lower conductance than FLIP 84-
182C, and this would make a difference in yield potential 
between these sets of cultivars. 
It appears then that seed yield improvement has not 
resulted from any significant improvement in the physiological 
attributes of the plant. The high yields of the new cultivars 
and the substantial improvement in water-use efficiencies are 
largely a result of higher yield potential attributable to a 
stronger reproductive sink. 
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There is still need to understand the real worth of the 
traits and to analyze their actual value. Causal relationship 
between physiological adaptive attributes and yield advantage 
under drought need to be better demonstrated. That is, 
general validation in terms of correlation with yield under 
drought is still awaited. Most of the progress made seems to 
be in improving harvest index, and thus yield and water-use 
efficiency. 
All these traits identified contribute largely to yield 
stability. The implication of these results is to keep these 
attributes that seem to be inherent to the species, and 
improve sink size and demand, and thus, harvest index. The 
best prospect for improving yield potential, then, appears to 
be by maximizing harvest index. 
» 
94 
LITERATURE CITED 
Allard, R. V. and A. D. Bradshaw. 1964. Implications of 
genotype-environmental interactions in applied plant 
breeding. Crop Sci. 4:503-508. 
Ashraf, M., M. H. Bokhari, and S. N. Chishti. 1992. Variation 
in osmotic adjustment of accessions of lentil (Lens 
culinaris Medic.) in response to drought stress. Acta Bot. 
Neerl. 41:51-62. 
Blum, A., J. Mayer, and G. Gozlan. 1983. Associations 
between plant production and some physiological 
components of drought resistance in wheat. Plant Cell 
Environ. 6:219-225. 
Blum, A. 1988. Plant Breeding for Stress Environments. CRC 
Press, Inc. Boca Raton, Florida. 223 pp. 
Boyer, J. S. 1968. Relationships of water potentials to 
growth of leaves. Plant Physiol. 43:1056-1062. 
Boyer, J. S. 1970a. Leaf enlargement and metabolic rates in 
corn, soybean, and sunflower at various leaf water 
potentials. Plant Physiol. 46:233-235. 
Boyer, J. S. 1970b. Differing sensitivity of photosynthesis 
to low leaf water potentials in corn and soybean. Plant 
Physiol. 46:236-239. 
Bradshaw, A. D. 1965. Evolutionary significance of 
phenotypic plasticity in plants. Adv. in Genetics. 
Buddenhagen, I. W. and R. A. Richards. 1988. Breeding cool 
season food legumes for improved performance in stress 
environments. Pages 81-95 in R. J. Summerfield ed. World 
Crops: Cool Season Food Legumes. Kluwer Academic 
Publishers, Dordrecht, The Netherlands. 
Cooper, P. J. M., J. D. H. Keatinge, and J. Hughes. 1983. 
Crop évapotranspiration- a technique for calculation of 
its components by field measurements. Field Crops Res. 
7:299-312. 
Cornic, G., I. Papgeorgion, and C. Louason. 1987. Effect of 
rapid and a slow drought cycle followed by rehydration on 
stomatal and non-stomatal components of leaf 
photosynthesis in Phaseolus vulgaris L. J. Plant Physiol. 
126:309-318. 
95 
Cornic, G., J. L. Le Gouallec, J. M. Briantals, and M. Hodges. 
1989. Effect of dehydration and high light on 
photosynthesis of two C3 plants {Phaseolus vulgaris L. and 
Elatostema repens (Leur.) Hall f.]. Planta 177:84-90. 
Eberhart, S. A. and W. A. Russel. 1969. Yield and stability 
parameters for comparing varieties. Crop Sci. 6:36-40. 
Farguhar, G. D. and R. A. Richards. 1984. Isotopic 
composition of plant carbon correlates with water-use 
efficiency of wheat genotypes. Aust. J. Plant Physiol. 
11:539. 
Finlay, K. W. and G. N. Wilkinson. 1963. The analysis of 
adaptation in a plant breeding programme. Aust. J. 
Agric. Res. 14:743-754. 
Flower, D. J. and M. M. Ludlow. 1987. Variation among 
accessions of pigenpea (Cajanus cajan) in osmotic 
adjustment and dehydration tolerance of leaves. Field 
Crops Res. 17:229-243. 
Frey, K. J. 1983. Plant population management and breeding. 
Pages 55-88 in D. R. Wood ed. Crop Breeding. American 
Society of Agronomy, Madison, WI. 
Ghorashy, S. R., J. W. Pendleton, J. W. Bernard, and M. E. 
Bauer. 1971. Effect of leaf pubescence on transpiration, 
photosynthetic rate and seed yield of three near-isogenic 
lines of soybeans. Crop Sci. 11:426-427. 
Gregory, P. J. 1988. Root growth of chickpea, faba bean, 
lentil, and pea and effects of water and salt stresses. 
Pages 857-867 in R. J. Summerfield ed. World Crops: Cool 
Season Food Legumes. Kluwer Academic Publishers, 
Dordrecht, The Netherlands. 
Gwathmey, C. 0., A. E. Hall, and M. A. Madore. 1992. 
Adaptive attributes of cowpea genotypes with delayed 
monocarpic leaf senescence. Crop Sci. 32:765-772. 
Gwathmey, C. 0. and A. E. Hall. 1992. Adaptation to 
midseason drought of cowpea genotypes with contrasting 
senescence traits. Crop Sci. 32:773-778. 
Hall, A. E. and E. D. Schulze. 1980. Drought effects on 
transpiration and leaf water status of cowpea in 
controlled environments. Aust. J. Plant Physiol. 7:141-
147. 
96 
Hall, A. E., R. G.Mutters, and G. D. Farguhar. 1992. 
Genotyplc and drought-Induced Influences in carbon 
isotope discrimination and gas exchange of cowpea. Crop 
Sci. 32:1-6. 
Hanks, R, J., J. Keller, V. P. Rasmussen, and G. D. Wilson. 
1976. Line source sprinkler for continuous variable 
irrigation-crop production studies. Soil Sci. Soc. Am. 
J. 40:426-429. 
Hebblethwaite, P. 1982. The effects of water stress on the 
growth, development and yield of Vicia faba L. Pages 165-
175 In G. Hawtin and C. Webb, eds. Faba Bean Improvement. 
Martinus Nijhoff publishers, The Hague, The Netherlands. 
Hooda, R. S., A. S. Rao, Y. P. Luthra, I. S. Sheoron, and R. 
Singh. 1986. Partitioning and utilization of carbon and 
nitrogen for dry matter and protein production in 
chickpea (Cicer arietinum L. ) . J. Exp. Bot. 37:1492-1502. 
Hooda, R. S., I. S. Sheoron, and R. Singh. 1989a. Ontogenic 
changes in photosynthesis, respiration, nitrogen fixation 
and water use efficiency in chickpea (Cicer arietinum L. ) 
grown at two moisture levels. Photosynthetica 23:189-
196. 
Hooda, R. S., I. S. Sheoron, and R. Singh. 1989b. 
Distribution ^^*002 during ontogeny of chickpea (Cicer 
arietinum L. ) grown at two moisture levels. Ann. Appl. 
Biol. 114:367-376. 
Hsiao, T. C. 1973. Plant responses to water stress. Ann. 
Rev. Plant Physiol. 24:519-570. 
Hsiao, T. C. and K. J. Bradford. 1983. Physiological 
consequences of cellular water deficits. Pages 227-265 
in H. M. Taylor, W. R. Jordan and T. R. Sinclair, eds. 
Limitations to Efficient Water Use in Crop Production. 
ASA, CSSA, and SSSA, Madison, WI. 
Hsiao, T. C. and J. Jing. 1987. Leaf and root expansive 
growth in response to water deficits. Pages 180-192 in 
D. J. Gosgrove and D. P. Knievel, eds. Physiology of 
Cell Expansion During Plant Growth. Am. Soc. Plant 
Physiol., Rockville, MD. 
Hsiao. T. C. 1990. Measurements of Plant Water Status. 
Pages 244-280 in B. A. Stewart and D. R. Nielson, eds. 
Irrigation of Agricultural Crops. ASA, CSSA, and SSSA, 
Madison, WI. 
97 
Ismail, A. M. and A. E. Hall. 1992. Correlation between 
water-use efficiency and carbon isotope discrimination in 
diverse cowpea genotypes and isogenic lines. Crop Sci. 
32:7-12. 
Jones, H. G. 1980. Interaction and integration of adaptive 
responses to water stress: the implications of an 
unpredictable environment. Pages 353-365 in N. C. Turner 
and P. J. Kramer, eds. Adaptation of Plants to Water and 
High Temperatures Stress. Wiley, New York. 
Jordan, W. R. 1970. Growth of cotton seedlings in relation 
to maximum daily plant-water potential. Agron. J. 
62:699-701. 
Kao, W. y. and I. N. Forseth. 1992. Responses of gas 
exchange and phototropic leaf orientation in soybean to 
soil water availability, leaf water potential, air 
temperature, and photosynthetic photon flux. Environ. 
Exp. Bot. 32:153-161. 
Kirchhoff, W. R., A. E. Hall, and W. W. Thomson. 1989. Gas 
exchange, carbon isotope discrimination, and chloroplast 
ultrastructure of a chlorophyll-deficient mutant of 
cowpea. Crop Sci. 29:109-115. 
Kirkham, M. B. 1988. Hydraulic resistance of two sorghums 
varying in drought resistance. Plant Soil 105:19-24. 
Kirkham, M. B. 1989. Growth and water relations two wheat 
cultivars grown separately and together. Biol. Agric. 
Hortic. 6:35-46. 
Larher, F., B. Quemerrer, and P. Herrochon. 1991. 
L'ajustement osmotique pendant la vie végétative de Cicer 
arietinum L. cultivé en présence de chlorure de sodium. C. 
R. Acad. Sci. Paris, t. 312, Serie III, p. 55-61. 
Lawn, R. J. 1982a. Response of four grain legumes to water 
stress in south-eastern Queensland. I. Physiological 
response mechanisms. Aust. J. Agric. Res. 33:481-496. 
Lawn, R. J. 1982b. Response of four grain legumes to water 
stress in south-east Queensland III. Dry matter 
production, yield and water use efficiency. Aust. J. 
Agric. Res. 33:511-521. 
Lawn, R. J. 1988. Breeding for improved plant performance in 
drought-prone environments. Pages 213-219. In F. R. 
Bidinger and C. Johansen (eds.) Drought Research 
I 
98 
Priorities for the Dry Land Tropics. International Crops 
Research Institute for the Semi-Arid Tropics (ICRISAT), 
Patancheru, India. 
Lin, C. S., M. R. Bins, and L. P. Lefkovitch. 1986. 
Stability analysis: Where do we stand? Crop Sci. 26:894-
899. 
Lopez, F. B., T. L. Setter, and C. R. McDavid. 1988. 
Photosynthesis and water vapor exchange of pigeonpea 
leaves in response to water deficit and recovery. Crop 
Sci. 28:141-145. 
Lorens, G. F., J. M. Bennett, and L. B. Loggale. 1987. 
Differences in drought resistance between two corn 
hybrids. I. Water relations and root length density. 
Agron J. 79:802-807. 
Ludlow, M. M., A. C. P. Chu, R. J. Clements, and R. G. 
Kerslake. 1983. Adaptation of species of Centrosema to 
water stress. Aust. J. Plant Physiol. 10:119-130. 
Ludlow, M. M., M. J. Fisher, and J. R. Wilson. 1985. 
Stomatal adjustment to water deficits in three tropical 
grasses and a tropical legume grown in controlled 
conditions and in the field. Aust. J. Plant Physiol. 
12:131-149. 
Ludlow, M. M. and R. C. Muchow. 1988. Critical evaluation of 
the possibilities for modifying crops for high production 
per unit precipitation. Pages 179-211. In F. R. 
Bidinger and C. Johansen (eds.) Drought Research 
Priorities for the Dry Land Tropics. International Crops 
Research Institute for the Semi-Arid Tropics (ICRISAT), 
Patancheru, India. 
Ludlow, M. M. and R. C. Muchow. 1990. A critical evaluation 
of traits for improving crop yields in water-limited 
environments. Adv. Agron. 43:107-153. 
McCree, K. J. and S. G. Richardson. 1987. Stomatal closure 
vs. osmotic adjustment: a comparison of stress responses. 
Crop Sci. 27:539-543. 
Morgan, J. M. 1984. Osmoregulation and water stress in 
higher plants. Annu. Rev. Plant Physiol. 35:299-319. 
Morgan, J. M., B. Rodriguez-Maribona, and E. J. Knights. 
1991. Adaptation to water-deficit in chickpea breeding 
lines by osmoregulation: relationship to grain-yields in 
99 
the field. Field Crops Res. 27:61-70. 
Morgan, J. M. 1992. Adaptation to water deficits in three 
grain legume species. Mechanisms of turgor maintenance. 
Field Crops Res. 29:91-106. 
Muchow, R. C. 1985. Phenology, seed yield and water use of 
grain legumes under different soil water regimes in a 
semi-arid tropical environment. Field Crops Res. 11:81-
97. 
Naaza, I. 1991. Productivité des céréales et des 
légumineuses en zone semi-aride: efficiences 
d'utilisation de l'eau et de la lumière. M.S. Thesis, 
lAV Hassan II, Rabat, Morocco. 
Pandey, R. K., W. A. T. Herrera, and J. W. Pendleton. 1984a. 
Drought response of grain legumes under irrigation 
gradient: I. Yield and yield components. Agron. J. 
76:549-553. 
Pandey, R. K., W. A. T. Herrera, and J. W. Pendleton. 1984b. 
Drought response of grain legumes under irrigation 
gradient: II. Plant water status and canopy temperature. 
Agron. J. 76:553-557. 
Pandey, R. K., W. A. T. Herrera, A. N. Villegas, and J. W. 
Pendleton. 1984c. Drought response of grain legumes 
under irrigation gradient: III. Plant growth. Agron. J. 
76:557-560. 
Passioura, J. B. 1977. Grain yield, harvest index and water 
use of wheat. J. Aust. Inst. Agric. Sci. 43:117-120. 
Pate, J. S. and A. M. Flinn. 1973. Carbon and nitrogen 
transfer from vegetative organs to ripening seeds of 
field peas (Pisum sativum L.). J. Exp. Bot. 24:1090-1099. 
Pate, J. S. 1985. Physiology of pea -a comparison with other 
legumes in terms of carbon and nitrogen in whole plant 
and organ functioning. Pages 379-396 in P. D. 
Hebblethwaite, M. C. Haith and T. C. K. Dawkins eds. The 
Pea Crop - A Basis for Improvement. Butterworths, 
London. 
Phogat, B. S., D. P. Singh, and P. Singh. 1984. Responses of 
cowpea (Vigna unguiculata (L.) Walp.) and mungbean {Vigna 
radiata (L.) Wilczek) to irrigation. I. Effects on soil-
plant water relations, évapotranspiration, yield and 
water use efficiency. Irrig. Sci. 5:47-60. 
100 
Prasad, V. V. S., R. K. Pandey, and M. C. Saxena. 1978. 
Physiological analysis of yield variation in gram (Cicer 
arietinum L.) genotypes. Indian J. Plant Physiol. 21:228-
234. 
Quick, W. P., M. M. Chaves, R. Wendler, M. David, M. L. 
Rodrigues, J. A. Passaharinho, J. s. Pereira, M. D. 
Adcock, R. C. Leegood, and M. Stitt. 1992. The effect 
of water stress on photosynthetic carbon metabolism in 
four species grown under field conditions. Plant Cell 
Environ. 15:25-35. 
Reitz, L.P. 1974. Breeding for more efficient water-use—is 
it real or a mirage? Agric. Water Management 14:3-28. 
Rodriguez-Maribona, B., J. L. Tenorio, J. R. Conde, and L. 
Ayerbe. 1992. Correlation between yield and osmotic 
adjustment of peas (Pisum sativum L.) under drought stress. 
Field Crops Res. 29:15-22. 
Saxena, M. C., S. N. Silim, and K. B. Singh. 1990. Effect of 
supplementary irrigation during reproductive growth on 
winter and spring chickpea (Cicer arietinum L.) in a 
Mediterranean environment. J. Agric. Sci. 114:285-293. 
Saxena, M. C. and A. Silim. 1990. Root studies. Pages 113-
116 in Food Legume Improvement Program, Annual report for 
1990. ICARDA, Aleppo, Syria. 
Saxena, N. P. 1987. Screening for adaptation to drought: 
case studies with chickpea and pigeonpea. Pages 63-76 in 
Adaptation of Chickpea and Pigeonpea to Abiotic Stresses. 
ICRISAT, Patancheru, India. 
Sghiouari, I. B. 1992. Potentialités du pois chiche d'hiver 
en zone semi-aride: Recherche d'une date et d'une dose 
optimale. lAV Hassan II, Rabat, Morocco. 
Shackel, K. A. and A. E. Hall. 1979. Reversible leaflet 
movements in relation to drought adaptation of cowpeas, 
Vigna unguiculata (L.) Walp. Aust. J. Plant Physiol. 6:265-
276. 
Siddigue, K. H. M. and R. H. Sedgley. 1986. Chickpea (Cicer 
arietinum L.), a potential grain legume for south-western 
Australia: Seasonal growth and yield. Aust. J. Agric. 
Res. 37:245-261. 
Siddigue, K. H. M. and R. H. Sedgley. 1987. Canopy 
101 
development modifies the water economy of chickpea (Cicer 
arietinum L.) in south-western Australia. Aust. J. Agric. 
Res. 37:599-610. 
Silim, S., M. C. Saxena, and K. B. Singh. 1988. Evaluation of 
spring sown chickpea for drought tolerance and response 
to increasing moisture supply. Pages 185-189 in Food 
Legume Improvement Program, Annual report for 1988. 
ICARDA, Aleppo, Syria. 
Silim, S., M. C. Saxena, and K. B. Singh. 1989. Evaluation 
of spring sown chickpea for drought tolerance. Pages 
107-115 in Food Legume Improvement Program, Annual report 
for 1989. ICARDA, Aleppo, Syria. 
Silim, S. N. and M. C. Saxena. 1991. Winter sowing chickpea: 
a case study. Pages 119-129 in H. C. Harris, P. J. M. 
Cooper and M. Pala eds. Proceedings for an International 
Workshop on Soil and Crop Management for Improved Water 
Use Efficiency in Rainfed Areas. Ankara, Turkey. 
ICARDA, Aleppo, Syria. 
Silim, S. N. and M. C. Saxena. 1993a. Adaptation os spring-
sown chickpea to the Mediterranean basin. I. Response to 
moisture supply. Field Crops Res. 34:121-136. 
Silim, S. N. and M. C. Saxena. 1993b. Adaptation os spring-
sown chickpea to the Mediterranean basin. II. Factors 
influencing yield under drought. Field Crops Res. 
34:137-146. 
Sinclair, T. R. and M. M. Ludlow. 1986. Influence of soil 
water supply on the plant water balance of four tropical 
grain legumes. Aust. J. Plant Physiol. 13:329-341. 
Sinclair, T. R., R. C. Muchow, M. M. Ludlow, G. J. Leach, R. 
J. Lawn, and M. A. Foale. 1987. Field and model 
analysis of the effect of water deficits on carbon and 
nitrogen accumulation by soybean, cowpea and black gram. 
Field Crops Res. 17:121-140. 
Singh, D. P., P. Singh, H. C. Sharma, and N. C. Turner. 1987. 
Influence of water deficits on the water relations, canpy 
gas exchange, and yield of chickpea (Cicer arietinum) . 
Field Crops Res. 16:231-241. 
Singh, G. and L. S. Bhushan. 1979. Water use, water use 
efficiency and yield of dryland chickpea as influenced by 
P-fertilization and stored soil water and crop season 
102 
rainfall. Agric. Water Management 2:299-305. 
Singh, K. B. and M. C. Saxena. 1991. Studies on drought 
tolerance. Pages 35-39 in Legume Program, Annual report 
for 1991. ICARDA, Aleppo, Syria. 
Singh, P. 1991. Influence of water-deficits on phenology, 
growth and dry-matter allocation in chickpea (cicer 
arietinum h.) . Field Crops Res. 28:1-15. 
Sivakumar, M. V. K. and S. M. Virmani. 1979. Measuring shoot 
water potential in chickpea with a pressure chamber. 
Experim. Agric. 15:377-383. 
Sloane, R. J., R. P. Patterson, and T. E. Carter. Jr. 1990. 
Field drought tolerance of a soybean plant introduction. 
Crop Sci. 30:118-123. 
Subramanian, V. B. and M. Maheswari. 1992. Compensatory 
growth responses during reproductive phase of cowpea 
after relief of water stress. J. Agron. & Crop Sci. 
168:85-90. 
Turk, K. J. and A. E. Hall. 1980a. Drought adaptation of 
cowpea. II. Influence of drought on plant water status 
and relations with seed yield. Agron. J. 72:421-427. 
Turk, K. J. and A. E. Hall. 1980b. Drought adaptation of 
cowpea. III. Influence of drought on plant growth and 
relations with seed yield. Agron. J. 72:428-433. 
Turner, N. C. and M. M. Jones. 1980. Turgor maintenance by 
osmotic adjustment: A review and evaluation. Pages 87-
103 in N. C. Turner and P. J. Kramer eds. Adaptation of 
Plants to Water and High Temperatures Stress. Wiley, New 
York. 
Turner, N. C. 1986a. Adaptation to water deficits: a 
changing perspective. Aust. J. Plant Physiol. 13:175-
190. 
Turner, N. C. 1986b. Crop water deficits: A decade of 
progress. Adv. Agron. 39:1-51. 
Turner, N. c., W. R. Stern, and P. Evans. 1987. Water 
relations and osmotic adjustment of leaves and roots of 
lupins in response to water deficits. Crop Sci. 27:977-
983. 
Turner, N. C. 1992. Water use efficiency of crop plants: 
103 
Potential for improvement. Page 12. Abstracts of the 
First International Crop Science Congress, Ames, lA. 
Van der Maeson, L. J. G. 1972. deer L. a monograph of the 
genus with special reference to the chickpea (Cicer 
arletinum L.), its ecology and cultivation. Communication 
of the Agricultural University, Wageningen 72-10. 
Wainwright, C. M. 1977. Sun-tracking and related leaf 
movements in lupin {Lupinus arizonicus). Am. J. Bot. 
64:1032-1041. 
Wien, H. C., E. T. Littleton, and A. Ayanaba. 1979. Drought 
stress of cowpea and soybean under tropical conditions. 
Pages 283-302 in H. Mussel and R. C. Stapples eds. 
Stress Physiology in Crop Plants. Wiley, New York. 
Withers, N. J. and B. J. Forde. 1979. Translocation of ^^C in 
Lupinus albus. New Zealand J. Agric. Res. 22:561-569. 
104 
APPENDIX 
Table Al. Some of the soil physical characteristics at Sidi El 
Aydl (adapted from Kaceml, 1992). 
Depth Clay Silt Sand Bulk Water retention 
density (by weight) 
at at 
-0.033 -1.5 
HFa MPa 
cm 
0 - 10 
10 - 20 
20 - 30 
30 - 40 
40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
90 - 100 
25 
28 
33 
39 
42 
55 
67 
67 
67 
67 
53 
53 
48 
45 
39 
34 
22 
22 
19 
19 
22 
19 
19 
16 
19 
11 
11 
11 
14 
14 
g cm"' 
1.10 
1.18 
1,25 
1.33 
1.35 
1.42 
1.55 
1.65 
1.70 
1.70 
27 
26 
27 
30 
27 
31 
31 
30 
30 
30 
15 
16 
15 
14 
15 
18 
18 
15 
14 
15 
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Table A2: Mean squares for water relations parameters. 
Source df Water Solute 
Potential Potential 
Date 6 3.15" 2.17" 
Water regime 3 10.60" 4.30" 
Date X Water regime 18 0.28 0.23 
Cultivar 3 1.41" 0.71" 
Cultivar x Water regime 9 0.14* 0.16* 
Date X Cultivar 18 0.04 0.07 
Date X Wat. reg. x CV 54 0.13" 0.10 
*, Significant at the 0.05 and 0.01 probability levels, respectively. 
r 
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Table A3: Mean squares for gas-exchange traits. 
Source df CER g r, C|/C, TE 
Date 6 160.3* 0.69** 216.4** 1.41** 42.6 
Water Regime 3 243.6" 0.08** 41.9** 0.03 0.3 
Date X Water regime 18 32.3* 0.01 3.1 0.03 1.1 
Cultivar 3 63.3** 0.01* 5.1* 0.01 0.2 
Cultivar x Water regime 9 6.5 0.004 1.4 0.01 0.1 
Date X Cultivar 18 7.4 0.002 2.8* 0.01 0.2 
Date X Wat. reg. x CV 54 3.8 0.002 1.1 0.001 0.2 
*, Significant at the 0.05 and 0.01 probability levels, respectively. 
CER " COg-exchange rate; g - stomatal conductance to water vapor; r, -
stomatal resistance; C|/C, - ratio of internal [COg] to ambient [COg] ; TE -
transpiration efficiency. 
107 
1.50 
1.25 
I 
O 0.75 
O 
I 
0.5 
0.25 
— FUP 84-920 
# 
• # 
• 
• _ 
# FUP 84-1820 
# 
• • 
• , • FUP 83-480 
% 
1 
# 
 ^PC-46 
• 1 
* 1 1 1 1 I ' l l  
1,800 2,000 2,200 2,400 2,600 2,800 3,000 3,200 3,400 
Genotype mean yield (kg/ha) 
Figure Al. Relationship between the regression 
coefficient of each genotype on location mean yields 
and mean yields of 36 chickpea genotypes. (Source; 
Food Legumes Improvement Program, Settat, Morocco). 
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Figure A2. Relationship between mean yield and 
environmental index for selected chickpea cultivars. 
(Source: Food Legumes Improvement Program, Settat, 
Morocco). 
